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The phase formation and the variation of the normal phonon frequencies of high temperature supercon-
ductors YBa,Cus0;_s and GdBa,Cu307_; upon doping Tb and Ce for Y and Gd, respectively, have been
investigated using XRD and Raman spectroscopy measurements. It is found that the increase of doping
content causes the formation of impurity phases that can be detected in the XRD and Raman spectra,
and results in the suppression of superconductivity. Moreover, analysis of the Raman peaks reveals that
substitutions of Tb and Ce for Y and Gd in the parent structure are restricted to low concentrations in
favor of impurity island formation.

© 2008 Published by Elsevier B.V

1. Introduction

Since the discovery of high-T. superconductivity [1], there has
been an explosion of experimental and theoretical studies on these
materials. A large number of these studies are restricted to the ef-
fects of substitution of rare earth (R) elements for Y that is mostly
helpful in understanding the superconducting properties and their
dependences on different parameters. Among various isomorphic
substitutions possible in YBa;Cus0;_s the substitution of Pr [2-
4], Ce [5,6], and Tb [7-9], for Y have received the most attention.
The reason for this interest is that these substitutions suppress
the transition temperature of superconductivity drastically. The
Y1_xPryBa;,Cus0,_s system is particularly interesting since it is iso-
structural with the YBa,Cu30-_; superconductor, yet the supercon-
ductivity is strongly suppressed as a function of Pr concentration
[4].

Despite the large number of experimental and theoretical re-
ports on doping YBCO with these elements, their destructive effect
on superconductivity is still not completely understood. These
studies include a number of Raman and infrared spectroscopic
investigations that provide an improved understanding of the
impurity phases [10], the pair breaking mechanism [11], and
the superconducting mechanism itself by either measurement of
the superconducting gap [12] or by identification of a strong elec-
tron-phonon interaction [13]. Such studies could be very informa-
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tive because vibrational spectroscopy is an excellent technique for
the investigation of low energy elementary excitations in these
materials [14]. In order to find a world-class theory for supercon-
ductivity, the effects of various parameters, such as doping and
oxygen content, on the occurrence or elimination of this phenom-
enon is examined. There are evidences showing that electron-pho-
non interaction plays a major role in the occurrence of high-T,
superconductivity [13,15-17]. See also Ref. [18] and the references
therein. In this work, we have made an attempt to investigate the
effects of Tb and Ce doping on the phonon spectra of the high tem-
perature superconductors YBCO and GdBCO, respectively.

2. Experimental details

Polycrystalline samples of Y;_,Tb,Ba,Cu3z0;_s with Tb content
x=0, 0.1, 0.3, 0.5, 0.6, and Gd;_,Ce,Ba,Cus0,_; with Ce content
x=0, 0.1, 0.3, 0.5, 0.6 were prepared by the solid-state reaction
method. For synthesizing the Y series, 99.9% pure Y,03, Tb,0-,
BaCO;, and CuO powders were mixed in atomic ratios of
(Y:Tb):Ba:Cu of 1:2:3. Appropriate amounts of the 99.9% pure
Gd,03, CeO,, BaCOs, and CuO in the stoichiometric ratios were
mixed for synthesizing the Gd series. Each mixture was ground
and calcinated at 850 °C in air for 24 h. The calcination process
was repeated at least twice to ensure sample homogeneity. Then,
both of the compounds were pressed into pellets and sintered for
36 h at 950 °C and 930 °C for Y series and Gd series, respectively.
Then, the samples were cooled to 450 °C in an oxygen atmosphere,
retained there for 5 h, and finally cooled down to room tempera-
ture at a cooling rate of 1 °C/min.
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Routine X-ray diffraction measurements were carried out at
room temperature using a Philips 6/26 diffractometer with Cu K,
radiation (4=1.5406A) for Y;_ TbBa,Cus0;_; polycrystalline
samples, and Co radiation (/=1.7887 A) for Gd;_.CeBa>Cus07_;
polycrystalline samples. The cell parameter refinements were per-
formed using the Fullprof software [19].

Raman scattering studies were performed on fresh surfaces. Ra-
man spectra were obtained using a LAB RAM HR800 spectrometer.
For Raman excitation the 532 nm line from frequency doubled
NdYAG laser was used. The laser was focused to a spot 2 um in
diameter. The Raman scattering measurements were carried out
in the spectral region from 200 cm~! and 700 cm™!.

3. Results and discussion

The X-ray diffraction patterns of Y;_,TbyBa,Cu30;_; samples
with x=0, 0.1, 0.3, 0.5, and 0.6 are illustrated in Fig. 1. All samples
have the YBCO123 phase which is responsible for the superconduc-
ting state. The (200) and (020) peaks near 20 ~ 47° in the x=0,
0.1, and 0.3 samples are characteristic of the orthorhombic phase.
The peak intensities for the YBCO structure are affected by Tb dop-
ing, where the intensities of the planes are larger for the pure sam-
ple as compared with the doped samples. Upon doping, new
secondary phases, like TbBaO; and BaCuO,, appear in the spec-
trum. Larger amounts of secondary phases are accompanied by les-
ser amounts of superconducting phase, which is clearly seen from
the growth of the impurity peaks and the depression of the (103)
peaks of the superconducting phase.

From the XRD pattern, it is inferred that the solubility of Tb at
the Y site is very limited. Single phase compounds result only for
x < 0.3, whereas the sample with higher Tb content (x > 0.3) shows
an extra peak at 20 ~ 29.5° corresponding to the TbBaO3; secondary
phase.

The resistivity of the Y,_,Tb,Ba,Cu30,_s; sample vs. temperature
shows that for x=0 the onset transition temperature is
T2™ ~ 92 K. The transition temperature remains constant for all
samples with x = 0-0.5. Mean while, for x > 0.5 the superconductiv-
ity is suppressed [20]. As the XRD pattern shows, for x = 0.6 the

amount of YBCO phase is so low that the superconducting grains
can not link together, and consequently, superconductivity does
not occur.

Further data are captured through the Reitveld analysis. The re-
sults of the refinement of the lattice parameters are shown in
Fig. 2. With Tb doping, the ¢ parameter of the orthorhombic unit
cell is found to decrease continuously with x, in agreement with
Ref. [8]; and, while the plane axes of the unit cell i.e., a-, increases
slightly with x-, the b-axis does not show any change. In addition,
the cell volume V compresses with Tb doping.

Ce substitution for Gd in Gd;_,Ce,Ba,Cu3z0-_; has a consider-
able effect on the superconducting properties. The superconduc-
ting transition temperature gradually decreases with the
increasing Ce concentrations [21].

The X-ray diffraction patterns of Gd;_,CeyBa,Cu307_; samples
with x =0, 0.1, 0.3, and 0.5 are illustrated in Fig. 3. These X-ray pat-
terns are representative of the samples with orthorhombic symme-
try, which is responsible for the superconducting state. The (200)
and (020) peaks near 20 ~ 55° for the x=0 and 0.1 samples are
characteristic of the existence of the orthorhombic phase. The peak
intensity of the GdBCO structure are affected by Ce doping, where
the intensity of the superconducting peaks are larger for the pure
sample compared with the doped samples. The samples containing
higher concentration of Ce ions contain secondary phases besides
the Gd;_,Ce,Ba;Cu30;_;. These phases are identified as CeBaO3
and BaCuO,. As the Ce content increases, these secondary phases
also increase.

According to the XRD patterns for Y;_,Tb,Ba,Cuz0,_s and
Gd,_,Ce,Ba,Cu30;_s the samples consist of mixed phases contain-
ing RBCO (R=Y,Gd), BaCuO,, and TbBaOs/CeBaOs. Clearly, the
superconductivity arises from the RBCO phase. For the Pr-doped
YBCO system, the XRD results reveal that the samples are ortho-
rhombic with no secondary peaks present [6]. Comparing the
XRD spectra of the Pr-doped, Ce-doped, and Th-doped systems, it
can be inferred that for the Ce-doped and Tbh-doped systems it is
the secondary phase that suppresses the superconducting state,
while for the Pr-doped systems other mechanisms should be con-
sidered for the suppression of superconductivity.
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Fig. 1. X-ray diffraction patterns of Y;_,TbyBa,Cus0;_; for x =0, 0.1, 0.3, 0.5 and 0.6.
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Fig. 2. Lattice parameters a, b and c/3 vs. x of Y;_,Tb,Ba,Cus07_;.

The lattice parameters a, b, and ¢, and the cell volume V, ob-
tained from the X-ray diffraction of Gd;_CeyBa;Cus0,_s are plot-
ted in Fig. 4 as a function of Ce concentration. The a and b
parameters are found to decrease continuously and the ¢ param-
eter increases with increasing x. While the lattice parameters a
and b both decrease, the a parameter decreases rapidly with
Ce concentration, and the unit cell volume decreases sharply
with the increase of x. The orthorhombic distortion also de-
creases with increasing Ce substitution. The variation in the ¢
parameter seems reasonable since we have replaced the larger
Ce ion for Gd [22]. This increase in the ¢ parameter is consistent
with what has been reported for Y, ,PryBa;CusO;_; [23] and
Gd;_,PryBa,Cus0,_s [24]. The latter reference reports that the

replacement of Gd by Pr yields an isotropic expansion of the
orthorhombic lattice.

The substitution for lanthanides in the 123 structure unveils
the role of impurities on the phonon modes, and provides insights
about bond formation. Upon doping the samples with either Tb or
Ce, shifts in the frequencies of the normal modes of the supercon-
ducting phase, i.e., YBa;Cuz0,_s; or GdBa,Cus0,_s; are observed.
Regarding this, we proceed by studying the modification of the
phonon frequencies due to substitution of the rare-earth elements
Tb and Ce. The 13 atoms of the orthorhombic unit cell of the
superconducting YBa,Cus0;_s yield a total of 36 vibrational
modes, fifteen modes of which are Raman active. The five A, Ra-
man-active phonons are as follows: The lowest frequency Raman
phonon mode involves mainly the vibrations of the heaviest bar-
ium atom, Ba-A; at 115 cm™', and the next lowest vibration in-
volves those of the copper atoms, Cu(2)-Ag at 150 cm~'. The
remaining three modes are dominated by the vibrations of O(2),
0(3), and the apical O(4) oxygen atoms at 340 cm ', 440 cm ™,
and 500 cm™!, respectively. The first two modes involve the
out-of-phase vibrations 0(2,3)-A; and the in-phase vibrations
0(2,3)-Ag, respectively [25].

Fig. 5 depicts a series of Raman spectra differing in the concen-
tration of Tbh. Our edge filter has a detection limit around
200 cm ™', and thus the Ba-A, mode at 116 cm™' and the Cu(2)-
Ag at 150 cm~! are not shown. For the pure sample (YBa,Cu30;_;),
the mode at 500 cm™' is the O(4) stretching mode and the two
modes at 339 cm™! and 439 cm™! are the out-of-phase 0(2,3)-
Ag and the in-phase O(2,3)-Ag; modes, respectively. For x =0.1,
the spectrum is dominated by the Raman peaks at 337 cm™!,
435cm~!, and 497 cm™ . For this sample no new Raman peaks
are observed in the 200-700 cm~! range, meaning that any new
secondary phases make up a very small percentage of the sample.

We note that a shift in the Raman modes is accompanied by Tb
substitution for Y. The 30% terbium substituted Raman spectrum
shows evidence of Raman modes at 587 cm~! and 632 cm ™. These
additional peaks seen in the Raman spectra for x = 0.3-0.6, are due
to the presence of BaCuO, phase. BaCuO, has a strong Raman band
about 633 cm™! as well as a broad band about 587 cm~! [26]. Of-
ten, the major impurity appears to be BaCuO, which reflects the
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Fig. 3. X-ray diffraction patterns of Gd,_xCeyBa,Cus0;_; for x =0, 0.1, 0.3 and 0.5.
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Fig. 4. Lattice parameter a, b and c/3 and cell volume V vs. x of Gd;_,CeyBa,Cus07_;.
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Fig. 5. Raman spectra of Y;_,TbyBa,Cus0;_; recorded at room temperature.

inherent instability of YBa,Cu30;_;. Even, small concentrations of
this phase can significantly influence the Raman spectra. This insu-

lating material is less absorbing than the superconducting phase
and has a large Raman cross section.

There is a small change in the character of the peaks for the
x> 0.3 sample. The only noticeable change in going to x> 0.3 is
the considerable reduction in the intensity of the superconduc-
ting phase Raman modes. Besides, there is an increase in the
peak line width of the superconducting phase, leading to a flat
shape. It can be inferred that the peaks contain more than one
mode. Our preliminary results indicate a small dependence of
the Raman modes of Y;_xTb,Ba,Cus0,_s on higher terbium con-
centrations. It appears that Tb can replace Y in YBa,Cus07_s to a
limited extend, i.e., less than 30%, without producing any impu-
rity phases.

Ref. [27] has investigated the effect of rare earth (R) substitution
on the Raman spectra of RBa;Cu307_s;. The Raman mode for the
0(4) stretching vibrations show substantial and systematic varia-
tions in vibrational frequency as a function of the ionic rare earth
elements. These results are compared to the Cu(1)-0(4) bond-
length variation as determined from neutron diffraction studies.
It is shown that as the unit cell in the z-direction increases with
increasing ionic radii, the Cu(1)-0(4) bond length, which presum-
ably controls the O(4) stretch frequency, increases. We concentrate
on the frequency shift of the 500 cm~! mode (see Fig. 6). It seems
that the dominant effect on the 500 cm~! mode is caused by the
changes in the structural parameters. The observed softening of
the O(4) mode is consistent with being the result of the reduction
in the ¢ parameter of the unit cell with Tb doping in YBa,Cus0;_s. It
has already been noted that X-ray analysis reveals that the unit cell
in the z-direction decreases with increasing terbium concentration.

The substitution of Ce into 123 high temperature superconduc-
tors affects significantly the transport properties. Due to this sub-
stitution, the metal-superconductor transition takes place at
lower temperatures [28]. Broadly speaking, the degradation of
transition temperature can be ascribed to the magnetic nature of
Ce and its effect on the pair breaking mechanism. It is known that
the substitution of Ce*" causes a more stable structure due to
Ce4f-02p hybridization. This hybridization influences the mag-
netic nature of the ionic Ce, therefore hole filling and pair-breaking
are raised [5]. In addition, to get more insight on the effect of this
substitution on the vibrational frequencies of the phonon modes
due to the difference in the Ce ionic radius, Raman spectroscopy
of the structure at different doping content was performed.
According to Ref. [29], several phonon lines due to the Raman ac-
tive Ag symmetry modes were observed at 125 cm ! (barium
mode), 153 cm™! (CuO,-plane copper in-phase mode), 334 cm™!
(CuO,-plane oxygen out-of-phase mode), 449 cm~! (CuO,-plane
oxygen in-phase mode), and 508 cm~! (apical oxygen mode) for
the GdBa,Cu30,_s orthorhombic structure.

Fig. 7 displays the Raman spectra of GdBa,Cus0-_; doped with
Ce in the spectral region between 200 cm~! and 700 cm ™. Follow-
ing Ref. [29], the observed phonons at 326 cm™!, 444 cm™!, and
507cm~' are the modes of the superconducting phase
GdBa,Cu30;_;. These have been respectively assigned to the out-
of-phase 0(2,3), in-phase 0(2,3), and O(4) stretching modes. The
lower wave number modes at 125cm™! and 151 cm™!, which
can be assigned to the A, vibrations of the Ba and Cu(2), respec-
tively, are not displayed because they are distorted by the notch
filter.

The three Ag vibrations described in the preceding paragraph
also dominate in Gdg9Ceg1Ba,Cus0;_s the major differences with
respect to GABCO spectra being a dramatic drop in the intensity of
the superconducting phase Raman modes, and the appearance of
the secondary phase BaCuO,. The presence of BaCuO, is revealed
through its strong peaks at 587 cm~' and 632 cm™! [26]. In addi-
tion, there is a small variation in the Raman modes of the super-
conducting phase. The O(4) mode shifts to higher frequency on
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Fig. 7. Raman spectra of Gd;_Ce,Ba,Cu30;_; recorded at room temperature.

going from GdBCO to GdgoCepiBayCus0,_s, and occurs at
511cm~'. On the other hand, the frequency shifts of the

have any obvious systematic variations.

The superconducting Raman modes occur at similar frequencies
for x=0.3, 0.5, and 0.6 in Gd;_,Ce,Ba,Cu30. For x = 0.3, there is an
overlap between the 330 cm~! intrinsic Raman mode of Gd;_,Ce,-
Ba,Cus0, and the two Raman bands in the region of ~350 cm™'. As
the Ce content increases to about 50%, two prominent new Raman
bands near ~330cm™! and 361 cm™! appear in addition to the
continuously broadening superconducting phase Raman modes.
The Raman bands at 330 cm™! and 361 cm™! are characteristic of
the pervoskite nonsuperconducting phase CeBaOs [30]. All these
findings are confirmed by the XRD results, which reveal that Ce
could not enter completely into the 123 phase when substituted
for Gd to form the Ce123 phase.

In GdgoCep.1Ba,Cus0;_;, the substitution of Ce for Gd yields an
expansion of the c-axis (see Fig. 4). This is expected to result in
strengthening of the force constant in the z-direction, which would
explain the increase of the O(4)-A; phonon frequency with the in-
crease of Ce concentration. Evolution in the axial phonon fre-
quency i.e., O(4), is in agreement with results of Pr substitution
for Y in Y;_,Pr,Ba,Cuz0;_s. The O(4) mode in Y;_,Pr,Ba,Cus0;_;
is seen to harden some 15 cm~! while the ~340 cm~! mode is seen
to soften nearly 40 cm™! in going from YBa,Cu3;0;_; to PrBa,-
Cu307_s. These dominant effects are caused by the larger ionic size
of the Pr ion relative to the Y ion [31]. The Ce-doped R123 behaves
in a manner similar to the Pr doped R123, that is, as the concentra-
tion of the Ce or Pr increases, the normal-state resistivitiy increases
and the T, gradually decreases. This behavior is different in the
samples containing Tb; Tb substitution has relatively little or no ef-
fect upon T.. As the Tb concentration increases, the materials re-
main metallic and T, remains constant until about x > 0.5 where
a rapid fall is observed in T.. Besides, the variations in the main Ra-
man peak of the superconducting phase, O(4), for the Pr doped and
Ce doped samples are the same, both increase in frequency. While
the similarity of the Ce and Pr is striking, the differences with Tb
substitution are obvious, i.e., the O(4) mode decreases in frequency
with increasing Tb content. As can be seen in Figs. 5 and 7, none
of the superconducting vibrations exhibit any anomalies in
their composition dependence that can be associated with the
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suppression of superconductivity with the increase of Tb and Ce
content in RBa,;Cus0-.

4. Conclusions

XRD and Raman analyses were performed to probe the physical
properties of the high temperature superconducting YBa,Cus0;_;
and GdBa,Cus0;_; compounds upon addition of Tb and Ce rare
earth elements. The XRD analysis shows that in addition to the
orthorhombic 123 phase, some nonsuperconducting peaks, which
are mainly due to the BaROs; (R=Tb, Ce) and BaCuO, secondary
phases, are also formed that suppress the superconducting transi-
tion temperature. The Rietveld analysis of the XRD patterns reveals
a variation in the structural bond formation. In the case of Tb sub-
stitution, the c-axis of the YBCO unit cell compresses, while in the
case of Ce substitution in GdBCO, the c-axis compression is drastic.

Raman spectroscopy confirms the XRD phase formations results
and shows the dramatic drop in the intensity of the superconduc-
ting phase, indicating that part of the 1:2:3 phase has decomposed
into RBaO3 (R = Tb,Ce) phases, which compete with the formation
of the 1:2:3 structure, thus revealing that the incorporation of Ce
and Tb into 1:2:3 is limited to low concentrations. The conductivity
in the Y;_xTbyBa;Cu30;_; pellets is carried along the percolating
paths of the Tb poor 1:2:3 phase, embedded in the insolating perv-
oskite ThBaOs. At relatively high Tb doping values, the secondary
phase formation causes disconnecting of the superconducting
grains, and the formation of the superconducting phase (123
phase) is destroyed, consequently the transition temperature for
superconductivity disappears.

The Raman data depict that the intrinsic Raman mode near
500 cm~' which is attributed to the O(4) stretching vibration,
shows variations in the vibrational frequency as a function of dop-
ing. The O(4) stretching mode softens nearly ~13 cm™! on going to
60% increase in the Tb doping content. In the case of Ce doping, the
507 cm~! mode is seen to harden nearly ~4 cm~! on going to 10%
increase in the Ce doping content.
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