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Effect of 3d ion substitution in the RBa,Cu;_,M,0; (R=Sm, Dy; M =Fe, Ni and Zn) system:
Implications of R ion dependence and disorder
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Systematic studies on tiRBa,Cu;_,M,0; (R=Sm, Dy; M =Fe, Ni, Zn) system were carried out in order
to determine the effect of the rare-earth ionic size and magnetic moment @p shi@pression rate. The phases
were characterized by powder x-ray diffractiokRD), resistivity, and ac susceptibility measurements. XRD
studies indicate a higher solubility limit dfl ions in the SmBgCu;_,M,O; [Sm-123M)] system as com-
pared to the DyB#u; ,M, 0O, [Dy-123(M) ] system. Resistivity and ac susceptibility studies indicate that the
T. suppression rate for a givévi ion depends on the ionic radius of the rare eaRh énd is higher for larger
rare earths. The trend ifi, suppression as a function of concentratiah $hows deviation from Abrikosov-
Gor’kov behavior. A metal-insulator transition is observed at higher dopant concentrations, and the semicon-
ducting phases are found to obey the Mott’s variable range hopping mechanism of conduction. The parameters
related to hopping conduction; viz., the characteristic temperéle localization length &), hopping range
(R), and hop energyW) have been calculated, and a comparative study of the variation of these parameters
in the two systems has been maf80163-1826)02518-(

[. INTRODUCTION ventional solid-state reaction method. The starting materials
R,053 (R=Sm, Dy; 99.99% IRE BaCQ,; (99.99%, Cerag

Among the highT, oxide superconductors, the CuO(99.999%, Ceracand FgO4/NiO/ZnO (99.9%, Cerac
YBa,Cu;0,_5 system has been well studied with regard towere taken in stoichiometric proportions, ground thoroughly,
structural as well as the physical properties. In the purend heated at 920 °C for 24 h followed by 940 °C for 24 h
RBa,Cu;0; (R=rare earth system,T. remains unchanged with intermediate grinding. The powder was pressed into
for all R ions irrespective of their magnetic momeértex-  pellets(diameters 8 and 12 mm, thicknesses 1-2 mm; WC-
cept for R=Pr. However, substitution at the Cu site by 3 lined stainless-steel die; 4-5 tonsfcpressurgand sintered
metal ions has a dramatic effect dn,, since the Cu@ at 940 °C for 24 h followed by furnace cooling to room
planes are responsible for superconductivity and any substiemperature(RT). Oxygen treatment was carried out at
tution at this site depressds, independent of whether the 900 °C for 24 h followed by 600 °C for 24 h and furnace
substituent ion is magnetic or nonmagnetic. Substitutionatooled to RT. The phases were characterized by powder
studies in the NdB#&Lu;_,M,0; (M=Fe, Ni, Zn system x-ray diffraction(XRD) using CuK « radiation(Seifert, Ger-
have shown an increase in the solid solubility limit§ @s  many, model P3000 Resistivity measurements were carried
well as theT,, suppression ratésA similar R ion depen- out by the four-probe Van der Pauw method using a closed-
dence has been observed in other systéfh3his has been cycle He refrigeratofLeybold Hareaus ac susceptibility
attributed to the decrease in the spatial extension of the 4measurements in the range 300—13 K were made with a field
orbitals of theR ion with decrease in the ionic radiddt of 0.1 Oe and frequency 300 Hz using an automated Sumi-
appears, therefore, that simultaneous substitution of a raréemo Superconducting Materials Property Measuring Equip-
earth ion at the Y site andd3metal ion at the Cu site modi- ment(model SCR 204-T, Japan
fies the nature of interaction of thef 4rbitals of theR ion

with the CuQ planes. In the present study, we have carried . RESULTS
out systematic substitutional studies RBa,Cu;_,M,O; (R
=Sm, Dy; M =Fe, Ni, Zn with the following objectives(i) A. Structure and stoichiometry

to determine the effect of the magnetic moment and the ionic
radius of the rare-earth ion on tfig¢ suppression rates and
(i) to make a comparative study of the parameters related to All compositions of the system SmBau;_,M,0; (M
the variable-range-hopping mechanism of conduction in the=Fe, Ni, Zn are black in color and stable under normal
semiconducting phases of the two systems, viz., the chara@atmospheric conditions. XRD studies indicate well-defined
teristic temperatureT,), localization length &), hopping sharp peaks, and for lower valuesxthighly oriented (00
length R), and hop energyW). lines are obtained. The upper limit of solid solubility is
x=0.8 for all M. This is much higher than that reported for
the YBaCu;_,M,0; system where the maximum solid
solubility limits of 3d metal ions arex=0.6 for M =Fe and

A total of about 70 compositions &8Ba,Cu;_,M,0; (R 0.3 for M=Ni, Zn. In the NdBaCu;_,Fe 0O, system, the
=Sm, Dy; M=Fe, Ni, Zn: 0.6sx=<0.1 in steps of 0.02 and solid solubility limit of Fe is about 1.é.SIateret al’ have
0.1=x=0.8 in steps of 0.lwere synthesised using the con- reported the maximum solid solubilty of Fe in

1. SmBgCu;_,M,0; system (M=Fe, Ni, Zn)

Il. EXPERIMENTAL DETAILS
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FIG. 1. Variation of lattice parameters and oxygen content as a
function of concentrationx) in the SmBa(Cu;_,M,)O; system. FIG. 2. XRD patterngCu K «) of the SmBa(Cu;_,Fg,)O; sys-

) tem showing orthorhombic splitting for the=0.7 and 0.8 compo-
LaBaCu;_,Fe O, to be about 1.8. Thus a clear trend is ob- sjijons.

served in the solid solubility limits of the dopants with re-
spect to the ionic size of the rare-earth ions; i.e., the soli

solubility limits of 3d metal ion dopants in the 123 structure%f the Fe ions leaving behind large Fe-free orthorhombic

L . ) domains. Consequently, the size of the orthorhombic do-
containing lighter rare earths are in general observed to b a y

: = “rmains increases. The oxygen content determined by iodom-
much higher than those observed for the phases contalnln&ry shows values beyond 7.0 for higher concentrations of Fe
heavier rare earths. Fig. 1)

The lattice parameters have been calculated using thge FberNi Zn, an O-T transition is observed at a higher
least-squares fit of the high-angle reflectidfag. 1). The concentratior,1 ok’20.6. Ni and Zn, being divalent ions, pre-
Fe-doped phases are orthorhombic at lower concentratior}gr to occupy the “plane” positiér[Cu(Z)] and hencé an
(SX) Barg anF OST trar;smon oceurs th=g.08. Itn th.Ef[. O—T transition is not observed for lower values xf At

MBaLUs_ 6L, System, a second phase Uansiionqpery  Ni occupies the C@) (chain site, also thereby
(T—0) is observed ax=0.7, wherein the structure changes bringing about an ©-T transition. Thec axis remains un-
from tetragonal to orthorhombic symmetiiFig. 2). An changed as a function of
O—T transition in the 123 system of compounds is generally The oxygen content .in the SmE2u, ,Ni,O, system
brought abou_t_by the disordering BOf oxygen among ti&) O slightly increases to 7.07 for ~0.8 (Fig. _13( f(hi; may be
and Q5) positions. Ander_semzt 6?" have _repor;eq t_haf[ the attributed to the stabilization of Ni in thet3valence staté>
ehffect of substgutmg Cth|trr]1 Febl_n 2'123.'5 a_d|m|n|sdh|ng of Shimizuet al® have reported an increase in oxygen content
the oxygen-ordered orthorhombic domain sizes and eventy: B Ni h AT p
ally a breakdown of the orthorhombic structure. Fe prefers t nié e GdBaCus-,Ni O, system due to the precipitation o
occupy the chain sitesl, for lower values xi)fandd therebyh In the SmBaCu, Zn,O; system, the oxygen content re-
promotes a tetragonal structure. Several studies suc N < - o 2 .
infrared? specific heat®! Méssbauel"*2 x-ray absorption Fains<7.0 for all values ok (Fig. 1). Substitution of Zn is

! o said to promote oxygen vacancies at th ite, thereb
spectroscopy: magnetic susceptibility! and electron para- P yg e y

magnetic resonance spectroscopy of Fe-substituted Y-123 irr](_aducmg the oxygen conteht.

dicate the tendency for the Fe atoms to form linear clusters .

along the(110 direction with Y-123 domains separating the 2. DyBay(Cus_M,)O7 (M =Fe, Ni, Zn)

linear domains. The recurrence of orthorhombidity—O) All compositions of the system DyB&u;_,M,0O; (x
for higher Fe content may be due to the increased clustering:0.00—0.1 in steps of 0.02 and 0.1-0.4 in steps of Bale
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Dy BayCus_, M)0; - & shown in Fig. 3. An G-T transition is observed at=0.1 in

75 the DyBgCu;_,Feg0; system also. The tetragonality is re-
{(M=2Zn) tained in all the compositions 0.1-0.6 without any indication
3. 92 —4—a—n & -‘-!_’-‘- a—s "0 of a second phase transition(T—O). In the

phases are orthorhombic within the limit of solid solubility.

€
v
6.5 a DyBa,Cuz_,Ni,O; and DyBgCu;_,Zn,O; systems, all the
>
o Oxygen content values determined using iodometric titra-

-2 —o —e — J17 tion indicate an increase in oxygen contént 7) in the Fe-
1; 280 [ 6.5 doped phases as ob_served in the SpaBg ,M, O, system.
W 3 In the DyBgCu;_,Ni,O; and DyBgaCu;_,Zn,O; systems,
< ° s no change in the total oxygen content is observed with in-
380+ 14 creasing values of. This is similar to the observation made
- MND E S in the YBaCu;_Zn,0; systeni'’"*®*where the oxygen
4 — g5 content lies between 6.8 and 6.9.
a —6s RE
3ggee" 0 TO—o0—200___ Jds.o o8 B. Electrical, magnetic, and superconducting properties
2 c T Resistivity (p-T) and ac susceptibilityx-T) studies indi-
r~ Hus e S ;
= 1 . cate metallicity and superconductivity in the following com-
"5 = positions: (i) RBa,Cu;_,Fg0; (R=Sm, Dy; x< 0.2, (i)
"4 G SmB3Cu;_,Ni,O; (x<0.3), (i) SmBgCu;_,Zn0,

(x=<0.08, (iv) DyBaCu;_,Ni,O; (x=<0.2, and (v)
DyBa,Cu;_,Zn,0; (x<0.1). The T, values obtained from
p-T and y-T measurements are shown in Table I. The de-
crease inl, is almost linear withx for lower concentrations
and rapid at higher concentrations in both the systfigs.
4(a) and 4b)]. The initial rates ofT, suppressionup to
x=0.1) for the two systems are shown in Table Il. For com-
65 S parison, the corresponding values for the YBa_,M,O;

7 (taken from Ref. 19and NdBaCu;_,M, 0, systemstaken

13

o ©
o

[
v
xygen content

" from Ref. 3 are also shown. As can be seen, Thesuppres-
1 1| 1 T\?“m,s o . .
0 . 0.04 0.08 1 0.20 o.lz.o 0.6 sion rate; in the SmB&u;_,M,0O; and DyBgCu;_,M, 0O,
X systems lie in between those of the NdBg;_,M,0O; and

YBa,Cu;_,M,0O; systems. ac susceptibility measurements

have been carried out on all the superconducting phases. A
few substituted phases show a granular behavior with two
contributions to the diamagnetic sigriatragranular and in-

] ] o _tergranular shielding currentscharacteristic of higf-, ma-
been prepared. X-ray diffraction studies indicate a maxiterigls.

mum solid solubility of 0.6 foM =Fe, 0.4 for Ni, and 0.5 for

Zn. Phases with higher concentrations of the dopants are IV. DISCUSSION
multiphasic. The solid solubility limits are comparable to
those observed in the YB@u;_,M,0; system and hence
are lower than those observed in the SpBa_,M,0; sys- In the present system, it is appropriate to study the valid-
tem. The plots of lattice parameters as a functiorxaire ity of the Abrikosov-Gor'’kov(AG) pair-breaking theory in

FIG. 3. Variation of lattice parameters and oxygen content as
function of concentrationx) in the DyBg(Cus_,M,)O; system.

A. Mechanism of T suppression: AG theory

TABLE |. The values obtained from-T and x-T measurements iRB,Cu;_ M, 07, (R=Sm, Dy) system.

M=Fe M=Ni M=Zn
R=Sm R=Dy R=Sm R=Dy R=Sm R=Dy
Comp. T, T, T, T, T, T, T, T, T, T, T, T,

x (T (XD (T T (T D (T T (T D (7)) (xT)
0.0 90 91 90 92 920 91 90 92 920 91 90 92
0.02 84 89 88 90 83 88 83 88 81 83 81 84
0.04 78 77 82 88 83 88 82 86 70 68 70 76
0.06 71 77 78 86 76 84 81 86 59 60 62 71
0.08 68 75 74 78 77 80 49 47
0.1 66 72 70 73 72 78 67 79 29 49 44 56
0.2 47 49 58 59 50 53 63 68 13 25
0.3 23 10 45 24 47 54 55

0.4 31 50
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TABLE IlI. Solubility limits and T, suppression rategalculated

from the initial linear slope of th&@, vs x curve of 3d metal ions 100 (a) ' ' ' '
(M=Fe, Ni, and Znin RBay(Cuz_,M,)0; (R=Nd, Sm, Dy, and Y. SmBay (Cuz.xMx)O7:5 System
80
R=Nd Sm Dy Yo
RBay(Cus_,M,)O; (1.109 (1.079 (1.0279 (1.019
(IR of R®", A) (Ref. 3 (Present Work 80
x
Solubility M=Fe 1.0 0.8 0.6 0.6 o
Limits Ni 0.8 0.8 0.4 0.3 T 50
Zn 0.8 0.8 0.5 0.3 \ (M=Ni)
Te Fe 13 8 7 3 20~ \
suppression Ni 13 7 4 3
rates Zn 28 16 14 10 0 .

0 1 4 A 4—
(Kfat. % 0 ol 02 03 04
@Data taken from article by J. M. Markert, Y. Dalichaouch, and M. Composition x —

B. Maple, inPhysical Properties of High Temperature Supercon-
ductors edited by D. M. GinsbergWorld Scientific, Singapore, 100 (b) ' ! ' '
1990, Vol. 1, p. 265. A DyBaz (Cu3-xMx)O7+5
80k System
view of the fact that the substituent ions are magnéfie, \
Ni) or behave like magnetic ior(Zn). In YBa,Cu;O;_ g, the
presence of magnetic rare-earth ions at the Y site produces 601
no effect onT,, indicating the absence of interaction of the <
4f orbitals of the rare-earth ions with the Cu@anes. How- K3
ever, substitution at the Cu site by magnetic Fe, Ni as well as 40r
nonmagnetic Zn decreaseés, thereby modifying the nature
of interaction of the rare-earth ions with the Cu@lanes. 20k
According to AG theory, the reduced transition tempera-
ture is defined by the equation
0 1
0 0] 02 03 0%

Composition x —=

| 1y (1 p 1

"tz ) Y 2)

wherey is the digamma functiort=T./T.q, andT. and T
are the critical temperatures of the superconductor with an
without impurities. p is the pair-breaking parameter and is
given by p=xN(Eg)JS(S+1)/8kgT.q, WhereN(Eg) is the
density of states at the Fermi level axds the concentration

FIG. 4. (a) Variation of T, as a function of concentratiorx) in
H"ne SmBa(Cu;_,M,)O; system.(b) Variation of T, as a function
of concentrationX) in the DyBg(Cus _,\m )O; system.

indicating a reduction in the pair breaking. This indicates
that additional effects are operative in the system leading to

of magnetic impurities. If the magnetic moment is not a purethe observed deviation from AG theory. The slight differ-
spin, but also has an angular momentum, one has to replaegces in the observed and calculated values may be attrib-

S(S+1) by the de Gennes fact@=(g—1)?J(J+1). As
expected from the AG formula, th&€. depression should
follow approximately the de Gennes factGr The T then
decreases linearly witlk for low concentrations, and at a
critical concentration(xg,), superconductivity completely
vanishes. Thél.-vsx plots for the SmBgCu;_,M,0; and
DyBa,Cu;_,M,0; are shown in Figs. @ and 4b). The
curves are AG-like. Assuming AG theory to be valid, has

been calculated using the formula

__er_T TCO
Xr=7gT, |8
dx

wherer=—0.5772 is the Euler’s constant aiid, is the T,
for x=0. The calculated values of, for the Fe-, Ni-, and
Zn-doped phases, respectively, are 0.25, 0.28, and @ftd6
the Sm-123 systejrand 0.31, 0.47, and 0.20&or the Dy-

uted to the crystalline electric fiel@CEF) of the rare-earth
elements. In conventional superconductors, it was shown that
the pair-breaking effect of an impurity is modified due to the
CEF?° |t was found that the CEF introduces the possibility
of a pair enhancement due to inelastic charge scattering in-
volving a change in the impurity crystal-field level. The level
splitting (8) of the impurities due to the CEF leads to impor-
tant modifications of AG theory. For non-Kramers ions, the
ground state is nonmagnetic and the pair breaking comes
from inelastic scattering and vanishes for very large energy
separation of the excited states. For a Kramers ion, the
ground state is always magnetic and the pair breaking results
from inelastic scattering processes which are present even if
the excited states have high energies. The variation of the
reduced transition temperatufe/ T, as a function of impu-

rity concentration in the presence of a non-Kramers ion and a
Kramers ion is shown in Figs(& and §b) (taken from Ref.

20). In the latter AG-type curves are obtained ®+=0 and

123 system Experimentally, however, we find that super- §=«. Intermediate values of show a deviation from AG

conductivity is still retained for compositions witk> X,

behavior.
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system. Consequently, the oxygen atoms in the basal plane
get disordered, which weakens the coupling between the
CuO chains and CuQOplanes via the @) oxygen.(iii) In-
teraction of the rare-earth ion moments with the G«32p
orbitals leads to pair breaking. Liet al?? have suggested a
weak interaction between the Gd moments and CuO planes
in the Gd-128Ni) system based on their observation that the
antiferromagnetic ordering temperatufg, decreases with
increase in Ni concentration. But magnetism due to an ex-
change interaction alone cannot account fortheeduction.

If this were true, then for a given dopant ion thg suppres-
sion rate should be larger in the Dyfa,_,M,0,_ 5 system

as compared to the SmBau; _,M,0;_ s system since th&.
reduction should scale with the de Gennes factor
G=(g—1)2J(J+1). (The value ofG for the Sni" ion is
4.54, whereas that of BV is 7.08) On the contrary, the
decrease iT. scales with the ionic radius of the rare earth
and is larger for the larger rare-earth ions. If it is possible to
delineate thd . reduction due to the nonmagneRcion size
contribution, the magnetic pair-breaking effect could possi-
bly be discerned(iv) Since theT. reduction scales with the
ionic radius of theR ion, it implies that the larger spatial
extension of the # orbitals of the lighter rare earths causes a
hybridization of the 4 orbitals with the Cu@ planes and
thereby leads to localization of the mobile charge carriers in
the conduction layers.

Based on the evidence available in the literature, from
various substituted and unsubstitutedl23 systems, all the
above mechanisms may be simultaneously operative and the
situation is rather complex.

B. Mechanism of conduction in the semiconducting phases:
Variable-range hopping

The semiconducting phases in the following systems are
found to exhibit the phenomenon of variable-range hopping

the fact thatVRH) in the temperature range 300-20 K:

RBa,Cu;0,_,; compounds are superconducting at 90 K, it(i) SmBaCu;_,Fg O, (0.5<x=<0.8),
appears at the outset that superconductivity is independent Gf) SmBgCu;_,Ni,O; (0.5<x=<0.9),

the R ion. However, manifestations of CEF's such as(iii) SmBgCu;_,Zn,0; (0.4<x<0.8),
Schottky anomalies have been observed in the low{iv) DyBaCu;_,Feg0O; (x=0.5 and 0.5,
temperature specific he#tSchottky anomalies arise due to (vi) DyBaCu;_,Zn,0; (x=0.3, 0.4 and 0.6

the partial lifting of the degeneracy of the ground-state mul-

The VRH mechanism of conduction is generally observed

tiplets of theR ions by the crystalline electric fields. Sm and in amorphous materials whereby charge carriers are sub-
Dy, being Kramers ions, it is possible that the presence ofected to spatially randomly varying energy barriers as
CEF'’s leads to a different shape of the transition temperaturshown in Fig. 6a). Anderson’s theorem considers the motion
versus impurity concentration curve as compared to the A®f a single electron in a crystalline array of sites and on each
behavior and can lead to lower suppression rates as a funsie there is a potential well leading to a single bosrstate.

tion of x, as is the case in the present study.

A comparative study of the two systems shows thafithe V,. If B is the band width(B=2zI, wherez is the coordi-

suppression rates for a givevl ion depend on the ionic nation number and is the overlap integral, which depends

radius of the rare eartR), higher for the largeR ions. To

The energie&; are distributed in a random way over a range

on the shape of the well Then according to Anderson’s

explain this behavior, several possibilities need to be considtheorem, ifP=V,/B is greater than some critical vallr,
ered. (i) The difference in thelT. suppression rates is to a then the chance that a particle placed-ab has diffused a
large extent due to nonmagnetic volume effects related to thdistancer att=infinity decays exponentially a&s *", where
lanthanide contractior(ii) In the La-123 system, a disorder « is the inverse localization lengile=1/a). The absence of

in the occupancy of L and B&" exists(due to ionic size

diffusion means that the wave functions are localized and

compatibility) which decreases with decrease in ionic size ofhave quantized energy. This form of localization is called
the rare earth from La to Y. This disorder in site occupancyAnderson localization and arises as a result of very high
is enhanced on substitution at the Cu site and is larger in thdisorder. Under such circumstances, a finite density of states

case of the Sm-128() system than that in the Dy-1218)

exists atEg and all the states & are localized Fig. 6(b)].
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of Ty is not quite reasonable and that the Mott's formula
p(T)=poexp(To/T)¥* is an oversimplication. In the
Y1 _«Pr,Ba,Cu0;_; (Ref. 30 system, 3D VRH behavior is
observed from RT down to about 20 K. A similar 3D behav-
ior has been observed in tHRBa,Cu;_,Ga O, (Ref. 3]
system. Fournieet al?* have reported that Fe-doped Y-123
shows hopping conduction and Fe doping greatly increases
the activation energy, while Zn has a much smaller effect.
Sugita etal® have reported a 3D behavior in the
YBa,Cu;_,FeO; system at high temperatures and a
deviation at low temperatures. They have suggested a
possible crossover from 3D to 2D behavior at
low temperatures. Other systems where VRH s
encountered are ba,SrCu0,,*** La,_,Sr,Cuy_,Li,0,,%
PrBa,Cu;0,,% YBa,Cu;_,(Fe,Zn,0,,%" YBa,Cu,0g,> and
Bi,Sr,Ca _,R,Cu,0q, 5 (R=Nd, Sm, Gd, Dy, ¥.3®*9 Non-
copper-containing compounds such as B&,BiO;_, and
BaPh _,Bi, O (Ref. 40 too are known to exhibit a similar
hopping behavior. Manako and Kuiehave observed a 2D
behavior in TIBg, ,La,CuQ; in the temperature range be-
tween 7 and 100 K. This mechanism normally occurs only in
the low-temperature regiotbelow RT) wherein the energy

is insufficient to excite the charge carriers across the Cou-
lomb gap. Hence conduction takes place by hopping of
charge carriers from one localized state to another within a
small region (~kgT) in the vicinity of E¢. In this region,

the density of states remains almost a constant. Recent stud-
ies have shown that the VRH mechanism occurs over a fairly
large temperature rangd00—-900 K.*? This is a puzzling
observation and calls for a redefinition of the VRH mecha-
nism of charge transport.

The VRH plots(In p vs 1/T*4) for the above phases are
shown in Figs. {), 7(b), and 7c) and 8a) and 8b). Higher
concentrations of dopants show a two-slope behavior, which
may be attributed to multiphonon hopping conductidithe
slopes progressively increase with increase in dopant con-
centration. The values dof, have been calculated from the

FIG. 6. (a) Potential wells for(i) a crystalline lattice andii) an

e TL4 ;
Anderson lattice(b) Energy level schematic for electronic conduc- SE)E ?E)S4>< fgzz)t?fomlrﬁa\ﬁ dlgruCtuﬁftsélcﬁzfig%?ﬁe,\\l/(allzggs
tion in an amorphous semiconductor. Energy is represented in th('—.\ :

vertical direction and distance in the horizontal direction. of the Iocallz.a}tlon Ien_gthsd) have been evaluated for varl-
ous compositions using Eql) where 8=16. The hopping
range R) and the hop energy) were calculated using the
equationsR=[3a/27N(E£)kT]Y* and W= 3/47R3N(E;)

ables Il and I\VJ. With increase in concentratiorx), the
ollowing observations have been made in the two systems.
(i) The characteristic temperatut@,) systematically in-
creases and the localization length) (decreases with in-
dicating disorder-induced localization. The localization is
andd represents the space dimension for the hop. For twotherefore of the Anderson typéi) Higher concentrations of
dimensional hoppingd=2), 8=3, and for three-dimensional x show a two-slope behavior in the favs-1/TY plot, indi-
hopping (d=3), B=16. A plot of Inp vs 1/T* is then a  cating multiphonon hopping conductiotiii) The hopping
straight line. Although first reported in amorphous materialsyange R) progressively decreases. This is due to the in-
the VRH mechanism of conduction is not an uncommon pheerease in disorder in the system so that conduction takes
nomenon with respect to high: materials. Almost all the place by hopping of carriers to states located close by in
insulating phases of high; material$®=2° exhibit the phe- space to the initial state. This normally leads to trapping of
nomenon. The temperature range over which the VRHarriers and hence to the formation of small polardins)
mechanism occurs differs for different materials. E.g., in theThe hop energyW) increases systematically. This implies
PrBaCu;_,Ga 0, s (Ref. 3] system, three-dimensional that with increase in disorder in the system more energy is
(3D) hopping behavior is observed only in the temperatureneeded for the carriers to make a transition to the final state.
range 14-150 K and the highest valueTgf obtained is of In other words, the carriers hop to states close in space to the
the order 18 K. It has been suggested that such a high valuenitial state(sinceR decreases but with larger energy.

The VRH mechanism of conduction is governed by the
equationp=peexp(Ty/T)Y¥* 1. T, is called the characteris-
tic temperature and is related to the density of states at th
Fermi level and the localization length as follows:

To=B/kgN(Eg)a®, (1)
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—_ FIG. 8. Plot of Ifp) vs 1T¥* in the temperature rangeT)
§ 20r 290-25 K, indicating the VRH mechanism in(a
S DyBay(Cuz_4Fg)O; (x=0.4 and (b) DyBay(Cus_,Zn,)0;
&, ol (x=0.3).
£
s oooo0 o0 system(10°~1(P K) are higher than that of the Dy-129()
-20p ’ system(10—1C K). (ii) It is observed that for a given dopant
(x=05) ion at a definite concentratiofsay, M =Fe andx=0.5) the
_sok M i values ofT, for Sm-123M) are larger and the localization
lengths smaller than those of Dy-128]. SinceT is repre-
| sentative of the extent of disorder in the system and is high
-60r for highly disordered materials, the present study indicates
024 028 13.'32_”4 036 040 that the Sm-123(1) system is comparatively more disor-
(c) UARME ) dered than that of the Dy-12B8() system. It also indicates

that localization in the Sm-128() system sets in at lower
values. This is consistent with the observations made in the
superconducting phases where thesuppression rates are
higher in the Sm-123{1) system.(iii) The range R) and
hop energy (V) for a givenM ion are smaller in the Sm-
123(M) system than those of the Dy-128{) system. This is

For a given concentration of the dopant as a function ofa direct consequence of the larger disorder in the Sm-
temperature, it is observed th@t T, anda are constants and 123(M) system, which results in shorter hopping distances
(i) R decreases and/ increases with increase in tempera- as explained above. The disorder could be an electronic one

ture. This is as expected since at low temperatures thermakising from the interchange of the £nhand B&" ions.
energy is less so that charge transport takes place by hopping

of carriers to states with lower energy but spatially separated
by large distancesR). The variation ofR andW as a func- _ .
tion of temperature is shown in Figs. 9 and 10 for the semi- (R=Sm, Dy) by hole doping

conducting phases of the Sm-128] and Dy-123M) sys- High-temperature superconductivigHTSC in HTSC
tems. A comparative study of the VRH mechanism in thematerials is governed by the hole concentration in the LuO
two systems shows thét) the T, values in the Sm-123() planes. Hence the superconducting properties can be modi-

FIG. 7. Plot of Ifp) vs 1T in the temperature rangeT)
290-25 K, indicating the VRH mechanism in(a)
SmBg(Cu;_Fe)O; (x=0.4), (b) SmBa(Cuz_Ni,)O; (x=0.5),
and(c) SmBa(Cu;_,Zn,)0O; (x=0.4).

C. Recovery of superconductivity in Zn-dopedR-123
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TABLE lll. Calculated parameters for the semiconducting phases in the @&a ,M,)O; system.

Fe Ni Zn
Comp.x 0.5 0.8 0.5 0.6 0.8 0.4 0.6 0.8
To(X10%) K 77 204 3.6 32.2 44.9 7.7 160 39 8090 390
T(K) a(A) 4.2 3.0 11.6 5.6 5.0 9.0 3.3 52 0.8 24.3
20 RA) 13.7 12.6 17.6 14.7 14.3 16.6 25.7 21.3
W (meV) 2.9 3.74 1.4 2.4 2.6 1.6 0.44 0.77
40 R(A) 11.5 10.6 13.4 11.2 10.8 13.9 21.65 17.9
W (meV) 4.9 6.3 3.1 5.3 5.9 2.8 0.74 1.30
100 R(A) 9.2 8.5 4.6 9.8 9.6 11.1 8.62 6.06
W (meV) 9.7 12.4 9.8 8.0 8.5 5.6 11.6 3.36
150 R(A) 8.3 7.6 6.3 8.9 8.7 10.0 7.8 5.48
W (meV) 13.2 17 8.9 10.6 11.5 7.5 15.7 45
200 R (A) 7.7 7.1 7.6 8.3 8.1 9.30 7.25 5.09
W (meV) 16.3 21 8.3 13.1 14.3 9.3 19.6 5.7
250 R (A) 7.3 6.7 9.0 7.8 7.6 8.8 6.85 4.8
W (meV) 19.3 24.6 7.8 15.5 16.9 10.9 23.2 6.7
300 R(A) 6.96 6.4 10.6 7.5 7.3 8.4 6.55 4.6
W (meV) 22 28.5 7.5 17.8 19.3 12.6 26.6 7.7

fied by either removing or adding holes depending on théoy Ca. Phases of the tyg&m, _,Ca)Ba,Cu, ¢Zn, ,0; and
material. In YBaCu;O, the hole concentration can be de- (Dy;_,Ca)BaCu, Zn, ;0; (x=0.1 and 0.2 have been syn-
creased by changing the oxygen confat by doping atthe thesized and studied. The single-phase nature of the com-
Cu(1) site, which decreases the, and eventually destroys pounds has been established by XRD studies. Lattice param-
superconductivity at a particular concentration. eters calculated from the high-angle reflections do not show
In our Zn-dopedrRBa,Cu;_,Zn,0; systems, we have se- any significant change with increasing Resistivity (p-T)
lected the semiconducting phases with0.2 forR=Sm and and ac susceptibilityy-T) studies indicate an increaseTn
x=0.3 for R=Dy in order to study the effect of hole doping as a function of dopant concentratiffable V). For a given

TABLE IV. Calculated parametersd of the semiconducting phases in the g8a ,M,)O; (M=Fe, Zn system.

Fe Zn
Comp.x 0.5 0.6 0.3 0.4 0.5
T (K) To(X10%) K 4.32 24.4 0.041 0.11 0.29
a(A) 10.9 6.2 51.6 37.4 24.3
20 R (A) 17.4 15 25.7
W (meV) 1.4 2.2 0.44
40 R (A) 14.6 12.6 21.6
W (meV) 2.4 3.8 0.74
60 R (A) 13.2 11.5 19.5
W (meV) 3.2 4.9 1.00
100 R(A) 11.6 10 17.2 15.8 14
W (meV) 4.8 7.5 15 1.9 2.6
150 R (A) 10.5 9.0 15.5 14.3 12.8
W (meV) 6.5 9.8 1.99 2.5 3.6
P R(A) 9.8 8.5 14.5 13.3 12
W (meV) 7.9 12.2 25 3.2 4.4
250 R A) 9.3 8.0 13.7 12.6 11
W (meV) 9.3 14.4 2.92 3.7 5.2
300 R(A) 8.8 7.7 13.0 12.0 10.8

W (meV) 10.7 16.5 3.4 4.3 5.9
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o 0o 200 300 & 50300 the Y-123M) sy.s.tem.(u) In the Sm-128-¢ system, a sec
T(K) T(K) ond phase transitiofT—O) is observed at higher concentra-

FIG. 9. Hopping rangeR) and hop energyW) as a function of
temperature T) in the SmBa(Cu;_,M,)O; (M=Fe, Ni, Zn) sys-

tem.

X, the Zn-doped Sm-123 system shows higfervalues
compared to the Dy-123 system. In the Sm-123 sysjem,
studies indicate a decreaseTip from 39 K forx=0.1 to 36
K for x=0.2. T, shifts upwards from 13 K fox=0.1 to 24 K

tions similar to the Nd-123{1) system.(iii) The solubility

limits and theT . suppression rates scale with the ionic radius
of the R ion; viz., the T, suppression rates are higher in

Sm-123M) than in the Dy-123(1) system.(iv) The T, re-
duction in the two systems is slower than predicted by AG.

Hence theT;, suppression iflR-123(M) cannot be explained

in terms of magnetic exchange interactions alone. Other fac-
tors such as disorder in the site occupalicy®"-Ba?" site
exchangg crystal-field effects, etc., have to be considered.

for x=0.2 in the Zn-doped Dy-123 system. The diamagnetidVv) A metal-insulator transition is observed at higher dopant
onset temperatures obtained from ac susceptibility measuréoncentrations and occurs as a result of disordey. The

ments are much higher than tAe , values obtained from semiconducting phases clearly exhibit a three-dimensional
’ (3D) variable-range-hopping/RH) mechanism of conduc-

tion. The various parameters related to hopping; viz., the
characteristic temperatufig, the localization lengthg), the

p-T measurements.

V. CONCLUSIONS

and magnetic properties of tiRBa,Cu;_ M, 07 s (R=Sm,

range R), and hopping energyW{) obey Anderson'’s local-
Systematic studies on the phase formation and electricatation conditions(vii) A comparative study of two systems

indicates a higher degree of disorder in the Sm-MBEys-

Dy; M=Fe, Ni, Zn system have indicated the follow- tem than in the Dy-123{1) system(which arises due to
ing: (i) The solubility limits of M ions are higher than in interchange in site occupancy of the¥'nand B&" ions).

TABLE V. Superconductivity data ofg) the Sm _,CaBay(Cu, ¢Zny 5O, s data andb) the Dy, _,CaBay(Cu, 7Znp 907 5 System.

Resistivity data

ac susceptibility

Oxygen dp/dT

Comp. content Te,onset Te.o AT, P300 K Po 120-300 X X'

X 7-6 (K) (K) (K) m( cm m( cm pQ ecm/K T (K) Te, peak (K)
€Y

0.0 6.82 2.6

0.1 6.85 48 39 7 1.8 1.2 25 42 41

0.2 6.87 41 36 4 16 1.3 0.5 45 43
(b)

0.0 6.90 5.1

0.1 6.72 19 13 5 3.3 1.0 3.0 21 18

0.2 6.78 22 30 7 21 2.2 4.0 28 24
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This implies that the disorder decreases across the serigize. This indicates that disorder also plays a key role in the

La®"—Dy?". mechanism responsible for tie suppression.
In conclusion, it may be stated that since the solid solu-
bility limits and the T. suppression rates in
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