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Fe, Mn)

1. INTRODUCTION

The influence of atomie substitution at different crystallographic posi
tions in a high-Tc superconductor is an important tool for probing the pa
rameters characterizing its superconductivity. Doping with different ions of 
the high-Tc superconductor YBa2Cu3_I 0 7 _{, influences the superconduct
ing properties; the effect is particularly significant when the substitution is 
at the Cu-positions [1-5].

The series of doped ceramics YBa2MI Cu3_I 0 7 _<$ (M= Fe, Cr, Mn, Ni, 
Co, Zn) have been studied by a variety of experimental techniques, e.g. 
resistance [6, 7, 8], M ó s s b a u e r  [9, 10, 11], ac-magnetic susceptibility [12, 
13, 14], SQUID [15], neutron and X-ray diffraction [16, 17], specific heat 
[18], thermoelectric power [19], and transmission electron microscopy [20]. 
The superconducting properties depend upon the amount of doping, and 
the kind of Cu sites — Cu(l) or Cu(2) — substituted by the doping ions. 
The dopants perturb the electronic structure of the Cu and O ions, whose
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spd hybridization states provide the superconducting electrons. The Ni ions 
preferably occupy the Cu(2) sites, whereas the Fe ions occupy both the 
Cu(l) and Cu(2) sites [21], although preferably Cu(l). L i a n g  et al. [22] 
showed that substitution of Cu in YBa2Cu307_j by small amounts of Ni 
and Zn did not significantly alter the oxygen content. X-ray studies of these 
compounds confirmed the existence of the orthorhombic structure, and 6 
was found to be below 0.1 [14, 23].

This paper reports a detailed study based on the measurements of resis
tivity, ac-susceptibility and low-field microwave absorption on Y E^C usC ^-j 
(YBaCuO, hereafter) samples doped with Sr, Gd, Cr, Mn, Fe, Ni ions in 
order to study the influence of small level of doping, and the effect of differ
ent ions on superconducting properties of YBaCuO. The previously-studied 
samples were doped with a rather high concentration (0.3-10%) of 3d ele
ments. In contrast, in the present paper, the lowest concentration of doping 
with Fe (0.003%) is l/100th that (0.3%) used by M o o r j a n i  et al. [10], 
and l/3000th that used (10%) for Cr, Mn, Fe, and Ni by Xi a o  et al. [14].

2. SAMPLE PREPARATION, STRUCTURE AND EXPERIMENTAL 
ARRANGEMENT

Samples were prepared from powders consisting of nominal amounts of 
Y2O3, BaCC>3, CuO, and the specific compounds required to substitute for 
Cu, Y or Ba (Ni2C>3, Cr2C>3, Fe, MnCl2-H2 0 , Gd2C>3, SrCC>2). The same 
conditions were used in the preparation of all the samples for purposes of 
comparison, and in order to maintain the oxygen content at the same level. In 
each case, a mixture of adequate proportions of respective powders, mixed 
thoroughly in methyl alcohol, was ground. The powders were thereafter 
heated at 910° C for 12 hours in air atmosphere. Mixing and grinding were 
repeated a few times. Thereafter, the resulting products were pressed into 
pellets and sintered at 945° C for 12  hours in an atmosphere of flowing 
oxygen gas. The pellets were finally brought to room temperature with 
a cooling rate of 20°C/h. The structures of all the samples were found 
to be orthorhombic from the respective powder X-ray diffraction patterns 
recorded on a Dresden VEB HZG-4 diffractometer. The lattice constants of 
the various doped samples were found to be only slightly different from those 
of the pure YBa2Cu307_{ ceramic: a =  0.382, b = 0.389, c =  1.169 nm.

Resistivity measurements were carried out on samples cut to appropriate 
sizes from pellets. The standard four-probe method, using a current density 
in the range of 0.01-0.1 A/cm2, in conjunction with computer acquisition 
of data was used to record ac-electrical resistivity. The real and imaginary



parts of the complex ac-susceptibility (x a c  — x! ~ ix!') were measured with 
a mutual inductance bridge operating at a low frequency (110 Hz) and at 
low magnetic fields (< 0.4 mT).

Low-field microwave absorptions were measured on an X-band EPR 
spectrometer, equipped with Helmholtz coils in order to provide small 
reverse magnetic fields.

3. EXPERIMENTAL RESULTS AND DISCUSSION

A. ac-electrical resistivity. The data reveal the two-steps character 
of decrease of resistivity with lowering temperature for the various doped 
samples (Fig. 1). It is seen from Table 1 that the substitution of Cu even by 
very small amounts of Mn, Fe, Cr, and Ni resulted in a significant decrease of 
Tcfl=0 from that for a pure sample. The 3d dopants lower Tcfl=0 by (i) produc
ing local disorder and trapping the electrons responsible for superconduc
tivity, thus partially suppressing superconductivity, (ii) breaking of pairs by 
conduction and exchange scattering of 3d-electrons at a paramagnetic site 
[14, 24], (iii) conventional spin-exchange [8], (iv) loss of oxygen after doping 
of sample [8], and (v) filling of holes in the oxygen valence band [8].

A large amount of Sr (25%) doped for Ba in Yo.ggGdo.oiBai.5Sro.5Cu307_a 
lowered Tcft=0 to 70.5 K, similar to that observed by S u n g  et al. [25]. The 
resistivity behaviour of the sample doped with Gd for Y was found to be the 
same as that of the pure YBa2Cu307_j. This is because superconductivity 
occurs in copper-oxygen planes influenced by oxygen vacancies, while the 
Y and Ba atoms only provide structural stabilization.

B. ac-com plex susceptibility. The values of the real (xO and imag
inary (x " )  parts of the ac-complex susceptibility as measured for the sam
ples YBa2Cu307_j, YBa2Mno.oiCu2.gg0 7 _f, and YBa2Mno.oo5Cu2.gg507_a 
at various temperatures are depicted in Figure 2. It is seen that both x! 
and x" exhibit two-steps decreases in their values with decreasing tempera
ture. The first step indicates the onset of superconductivity and the second 
represents the low-temperature anomaly, i.e. an unexpected increase in the 
real part of susceptibility (xO and the appearance of a hump in the imag
inary part of the susceptibility ( x w) (indicated by arrows in Fig. 2). The 
low-temperature anomaly is caused by muliticonnected Josephson networks 
among the superconducting grains, and appears only in bulk samples for 
ac-magnetic fields greater than 0.5 mT [13]. At temperatures below 60 K, 
periodic oscillations were observed in the values of x! for the undoped sample 
(Fig. 2) measured in an ac-magnetic field of amplitude 0.0008 mT.



Fig. 1. A plot of the resistance versus temperature for the various investigated samples. 
The samples are numbered as follows: (1) YBa2Cu3 0 7 - 4  (2) Yo.wGdo.oiBaaCuaOT-f (3) 
Yo.ssGdo.oiBai.sSro.sCusOT-i (4) YBaaCro.oosCuj.wgOr-f (5) YBa2Cro.ogCu2.9s07-4 
(6) YBa2Nio.oosCu2.eeg07_j (7) YBa2Nio.o5Cu2.e607_g (8) YBa2Feo.ooiCu2.99907-4 
(9) YBa2Feo.oiCu2.9 9 0 7-f (10) YBa2Mno.ooiCu2.9 9 9 0 7 -4 (11) YBaaMno.oogCua.9 9 5 0 7 -4

(12) YBa2 Mn0.0 1Cu2.99O7 -4
Rye. 1. Wykres zależności oporu od temperatury dla badanych próbek. Próbki 
są numerowane następująco: (1) YBa2Cua0 7 _j (2) Yo.ssGdo.oiBaaCuaOr-j (3) 
Yo.99Gdo.oiBai.6Sro.sCua0 7 -f (4) YBa2Cro.oo5Cu2.995 0 7 - 4  (5) YBaaCro.osCua.ssOr-g 
(6) YBa2Nio.oosCu2.998 07-f (7) YBa2Nio.osCu2.95 07_f (8) YBa2Feo.ooiCu2.999 07-4 
(9) YBa2Feo.oiCu2.9907_a (10) YBaaMno.ooiCua.9 9 9 0 7 -4  (11) YBa2Mno.oo#Cu2.99507-4

(12) YBa2 Mno.oi CU2.99O7 -4

C. M icrowave absorp tion . The microwave absorption is caused by 
the damped motions of fluxons driven by induced microwave supercurrents, 
with the largest contribution coming from the fluxons situated in the weakest 
Josephson junctions [26].

Zero-field cooling. The YBa2Mno.ooiCu2.99g0 7 _i sample (Fig. 3a) 
exhibited N-shaped line in the microwave absorption (zero-field cooling) 
for magnetic field sweep from -5  to +5 mT at temperatures between 24 
and 50 K. A characteristic feature of the spectra was the hysteresis in 
the microwave absorption that existed between magnetic field sweeps in
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Fig. 2 . Temperature dependencies of the real (x') and imaginary (x") parts of the complex 
ac-susceptibility in arbitrary units (a.u.), measured using an ac-magnetic field of amplitude 
0.0008 mT and of frequency 110 Hz. The arrows indicate the anomalies exhibited by x

and x" at low temperatures
•Rye. 2. Zależność od temperatury części rzeczywistej (x') i urojonej (x") zespolonej 
zmiennoprądowej podatności magnetycznej w jednostkach względnych (a.u.), mierzonej 
z użyciem zmiennego pola magnetycznego o amplitudzie 0,0008 mT i częstotliwości 110 Hz. 

Strzałki wskazują anomalie wykazywane przez x' i x" w niskich temperaturach

the forward and reverse directions. The hysteresis of microwave absorption 
was enhanced when the temperature is raised close to the superconducting 
transition temperature as observed presently for YBa2Mno.ooiCu2.99907_i 
and YBa2Nio.oo5Cu2.99507- i (Figs. 3a, b). This is due to the creation of 
critical state when the external magnetic field has entered part of the 
superconducting sample, as well as due to the pinning and depinning of 
the fluxons during a cycle of the modulation field [27]. On the other hand, 
there is also hysteresis due to trapped flux if the direct absorption is 
measured without using the modulation technique. The hysteresis area is 
almost completely suppressed to zero for the Mn-doped sample.

F ield cooling. The samples were also cooled under the action of 
a magnetic field, which was turned off when the desired temperature was 
reached. The microwave absorption (field cooling) depended on the strength 
of the magnetic field to which the sample was exposed during cooling, 
and the interval of time that elapsed before the microwave absorption was 
recorded. The higher was the magnetic field intensity during cooling the
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Fig. 3. Low-field microwave absorption in arbitrary units (a. u.) measured at different tem
peratures in the samples (a) YBa2Mno.ooiCu2.999C>7-* and (b) YBa2Nio.oosCu2.99*0 7 - 4 . 
Note the difference in the spectra at 21 K (b) measured after zero magnetic field cooling 
and that measured after exposure of the sample to 700 mT magnetic field (the lowest 
spectrum). The spectra were recorded for forward and reverse directions of the external 

magnetic field as indicated by the arrows
Rye. 3. Niskopolowa absorpcja mikrofalowa w jednostkach względnych (a.u.) zmie
rzona w różnych temperaturach w próbkach (a) YBa2Mno.ooiCu2.9 9 9 0 7-* i (b) 
YBa2Ni0.006Cu2.995O7-*. Należy odnotować różnicę w widmie w 21 K (b) zmierzonym po 
schłodzeniu próbki w zerowym polu magnetycznym, a zmierzonym po umieszczeniu próbki 
w 700 mT polu magnetycznym (najniższe widmo). Widma były rejestrowane w kierunku 

wzrostu zewnętrznego pola magnetycznego i przeciwnym, zgodnie ze strzałkami

bigger was found the shift in the positions of the maxima of microwave 
absorption. The difference between shifts in the positions of the maxima 0.9 
and 3.5 mT, observed after cooling in zero and in 0.7 T external magnetic 
fields, respectively, at 21 K for the sample YBa2Nio.oo5Cu2.99507_<s (Fig. 3b) 
is quite significant. This difference in the shifts arises due to trapped fluxons 
(frozen magnetic field) in heterogeneous materials.

M icrowave absorp tion  under exposure to  100 kHz m odulation. 
Figure 4 shows the low-field microwave absorption at 79.5 K as a function of 
magnetic field intensity for Cr-doped sample exposed to 100 kHz modulation 
of various amplitudes. The amplitude of the 100 kHz modulation (Hm) 
influenced the position of the maximum of microwave absorption only 
when it was greater than a certain peak-to-peak value, equal to twice the



lower-critical field 2H*X (= ~  0.5 mT for YBa2Nio.oo5Cu2.99507-ó) being the 
field separation between the forward and reverse critical states. When the 
amplitude of the modulation field is sufficiently large, fluxons are swept out 
of the sample.

D. T herm odynam ic ( if* )/u p p e r critical (ff*2) fields and Som
m erfeld constan t (7 ). The lower critical field (if^ ) is defined by the po
sition of the maximum of microwave absorption for forward direction of the 
external magnetic field under zero field cooling conditions. The thermody
namic (if*) and the upper (if*2) critical fields, as well as the Sommerfeld 
constant (7 -known as the coefficient of the normal electronic specific heat

Table 1. The values of the parameters characterizing the various samples, where Tcfi= 0  
is the transition temperature at which the resistance of the sample becomes zero (the 
underlined values of Tcfl= 0  are related to onset of superconductivity), H*i(0), H l(0), 
and HI2 (0) are lower, thermodynamic, and upper critical fields extrapolated to 0 K, 

respectively, and 7  is the Sommerfeld constant 
Tab. 1. Wartości parametrów charakteryzujących poszczególne próbki; Tcfl= 0  jest tem
peraturą przejścia, przy której R  =  0 (podkreślone wartości Tcfl= 0  dotyczą pojawienia się 
nadprzewodnictwa; Hći(0 ), HĆ (0 ), i f f ’2(0 ) są polami krytycznymi odpowiednio: niższym, 

termodynamicznym, wyższym, ekstrapolowanymi do 0 K, a 7  jest stałą Sommerfelda

Sample
Sample (K)

h :m
(mT)

m m
(mT)

K M
(T)

7
(/rJ/cm3K2)

YBa2 CU3 O7 -4 83.5
Yo.99Gdo.0 1Ba2 Cu3O7.-4 85 1.39 74 2 1 0.6

Yo.99Gdo.oiBai.5Sro.5Cu307_4 73
70.5

YBa2 Cro.ooB CU2.99S 0 7 - 4 78
74.5 1.08 58 16 0.5

YB&2 Cro.OsCu2.9B07-rf 47
YBa2Nio.ooBCu2.99s07_4 82

75 1.25 67 19 0.6
YBa2Nio.oosCu2.9B 0 7 - 4  47

24
YBagFeo.ooi CU2.999O 7 - 4  80

76
71

YBa2Feo.oiCu2.9907_4 68
64
56.5

YBa2Mno.ooiCu2.99g07_j 73
63 2.70 144 41 4.2

YBa2Mno.oo5Cu2.995 07-4 71
59

YBa2Mno.oiCu2.99C>7-4 67
52
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Fig. 4. Low-field microwave absorption in arbitrary units (a.u.) of YBa2Cr0.005Cu2.995- 
O7—f , recorded for forward and reverse directions of B using various 100 kHz modulation 
field amplitudes (Hm). Every vertical dash shows the position of microwave absorption

peak
Rye. 4. Niskopolowa absorpcja mikrofalowa w jednostkach względnych (a.u.) 
w YBa2Cro.oo5Cu2.99s0 7 - f  zarejestrowana w kierunku wzrostu B i przeciwnym z uży
ciem różnych amplitud modulacji pola magnetycznego o częstości 100 kHz {Hm). Każda 

pionowa kreska pokazuje położenie wierzchołka absorpcji mikrofalowej

Cen =  7 T) were calculated from the relations given in [3, 29]. The 7  can 
be also determined from the relation 7  =  2/ 37T2k \  N{0), where N{0) is the 
bare density of states of the Fermi surface at 0 K and k s  is the Boltzmann 
constant.

The required value of k(= A/£) used was 200 (penetration depth 
(A) =  220 nm, coherence length (£) =  1.1 nm [30]), lying in the range of k 
values 100-200 for YBa2Cu307_; [30-32]. The estimated values of H*(0), 
H*2(0) and 7  for the samples doped with Gd, Cr, Ni, and Mn are listed in 
Table 1. These values of H*2(0) are less (20-50%) than those reported for 
the pure YBaCuO sample which are in the range 80-148 T [33, 34].

E. L inew idth  broadening of D P P H  below Tcft=0. The penetration 
depth (Ao) as determined from the EPR line of a thin layer of DPPH de
posited on the surface of YBa2Nio.oosCu2.99507_j was studied as a function 
of temperature. The peak-to-peak first derivative linewidth (AHpp) and the 
amplitude (I) of adsorbed DPPH after the sample became superconducting 
were found to exhibit drastic changes as functions of temperature (Fig. 5). 
(There was observed an overlap of DPPH line by another line just below



Fig. 5. Temperature dependence of the peak-to-peak linewidth (AHpp) and the 
peak-to-peak intensity (I) in arbitrary units (a.u.) of the first-derivative absorption signal 
of a thin layer of DPPH adsorbed on the surface of the sample YBa2Nio.oo5Cu2.9 9 5 0 7 -4  
Rye. 5. Zależność od temperatury szerokości linii I zmierzonych od wierzchołka do 
wierzchołka (AHpp) i natężenia linii (I) zmierzonego od wierzchołka do wierzchołka 
w jednostkach względnych (a.u.) pierwszej pochodnej sygnału absorpcji cienkiej warstwy 

DPPH zaadsorbowanej na powierzchni próbki YBa2Nio.oosCu2.9 9 5 0 7 -4

Tcfi=0; this line moved to higher magnetic fields with lowering temperature.) 
When the sample becomes superconducting, the penetration of magnetic 
field, in the form of Abrikosov vortices changes, causing a broadening of the 
DPPH line, whose width is described by the following expression [35, 36]:

AHpp = 2 AflJ +  AS?]
1/2

( 1)

____
where AH j =  , is the second moment of the field distribution,
A = Ao/[l — (T/Tc)4], Ao is the penetration depth extrapolated to zero 
temperature, <j>o = 2.07 x 10-1 5  m2T, and AH \ is the second moment of 
the EPR line in the normal state at temperatures just above Tcfi=0. Finally,



where A//'pp(n)[= 2(AJ/n2)1/2] is the peak-to-peak linewidth in the normal 
state at temperatures just above T R=0.

The values of Ao and Tcfi=0 were presently estimated to be 690 nm and 
75 K fitting AHpp to T using eq. (2). This value of Ao for the sample which 
contains a very small amount of Ni ions, is much larger than those reported 
in the literature for the pure YBa2Cu307_{ (140-250 nm) [37, 38].

4. CONCLUDING REMARKS

The effect of doping of the YBaCuO ceramic with the elements Gd, Sr, 
Cr, Mn, Fe, Ni on its superconducting properties as found from the present 
studies can be summarized as follows:

(i) Even very small concentrations of the 3d-group dopants Cr, Mn, Fe, 
and Ni significantly lower T R=0 by partially destroying antiferromagnetic 
couplings and resonance of bindings in Cu02 chains. On the other hand, 
doping with a rather large amount (25%) of Sr ions does lower the super
conducting transition temperature (to 70.5 K), although not as much as 
compared to that in samples doped with relatively much smaller amount 
of 3d elements. Doping with 3d elements strongly suppresses the area of 
the hysteresis of microwave absorption. Further, in the case of Mn-doped 
sample, the hysteresis is almost completely absent.

(ii) The Mn ions play a much more profound role in YBaCuO than 
in LaCuO ceramics. The samples YBa2Mno.ooiCu2.99907_{, YBa2Mno.oo5- 
Cu2.99507_j, and YBa2Mno.oiCu2.9907_j which contain rather small amo
unts of Mn2+ ions exhibited significantly lower TCR=0. This is strongly in 
contrast to the superconducting samples (Lai-zB a^C uO j, doped with 
larger amounts of Mn (0.1 and 1.0 at.%), where Mn ions serve only as EPR 
probes, and do not alter T R=0 [39].

(iii) In contrast to the pure sample, all the doped samples exhibit 
low-temperature anomalies in the ac-susceptibility, i.e. an increase of sus
ceptibility with decreasing temperature in some ranges of temperature.

(iv) The value of the penetration depth (Ao) increases significantly in 
the sample doped with Ni from that in the pure sample.
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S T R E S Z C Z E N I E

Opór, zmiennoprądowa podatność magnetyczna i niskopolowa absorpcja mikrofalowa 
(pasmo X ) w próbkach wysokotemperaturowego nadprzewodnika YBajCujO?-s domiesz
kowego Gd, Sr, Cr, Mn, Fe i Ni zostały zmierzone w zakresie temperatur 4,2-295 K w celu 
zbadania efektu niskiego poziomu domieszkowania na własności nadprzewodzące badanych 
próbek. Wartości górnych pól krytycznych, stałych Sommerfelda i temperatur przejścia 
były wyznaczone z danych absorpcji mikrofalowej. Stwierdzono, że obecność nawet małych 
ilości pierwiastków 3d ma znaczny wpływ na własności nadprzewodzące wysokotempera
turowych nadprzewodników YBa2MICu3_ i 0 7 _j.


