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Influence of hole filling by Hf and hole doping by Ca on the superconductivity
and flux pinning of YBa,Cu;0,_;
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The structural and superconducting properties of (Y;_, _,Ca,Hf, )Ba,Cu;0, samples are investigated
using resistivity, ac susceptibility, and dc magnetization measurements. The effect of increasing the Hf
concentration in Y,_, Hf, Ba,Cu;0, lowers the oxygen content and decreases T,. The substitution of Ca
for Y in (Yo g5—yCa, Hfy 5)Ba,Cu;0, provides proper matching between the ionic radius and valence of
Y3* (0.89 A) and the average ionic radius and valence of Hf** (0.78 A) and Ca’* (0.99 A). As the Ca
content increases, the T, increases from y =0 (74 K) to y =0.15-0.20 (compensated oxides) having T, of
84.5-85.5 K. Magnetization measurements on powdered Hf-doped samples exhibit pronounced M (H)
hysteresis loops indicative of extensive flux pinning and enhanced critical currents.

I. INTRODUCTION

The superconducting transition temperature 7, of
YBa,Cu;0,_; (YBCO) materials depends on the mobile
carrier concentration p or the effective copper valence in
the Cu-O, plane. The oxygen content controls p in a non-
linear fashion!? because carriers are distributed in both
the planes and the Cu-O chains. In addition to varying
the oxygen content, cation doping,>~'° e.g., at the Y site,
may also change p and affect many properties according-
ly.

Among all cation dopings, Pr substitution for Y in
Y,_,Pr,Ba,Cu;0,_5 (YPrBCO) has been extensively ex-
amined by numerous workers. Recently, Radousky® has
reviewed in great detail the superconducting, structural,
magnetic, and other properties of Y,_,Pr, Cu;0,_g5 and
lists 156 references. It has also been shown that the
suppression of T, by Pr substitution in YBCO can be
compensated by appropriate hole doping with Ca to some
extent.*>

The valence state of Ca?™ is lower than that of Y>7;
such a substitution will increase p due to hole doping by
Ca. The effect of Ca doping in pure YBCO has been
studied extensively.’~1© The valence state of Hf*" is
higher than that of Y3* and the ionic radius of Hf**
(0.78 A) is about 0.1 A smaller than that of Y>* (0.89 A);
a substitution with Hf may decrease p due to hole ﬁlling
by Hf, The average ionic radius and valence of Ca’*
(0.99 A) and Hf** 0.78 A) in equal proportions match
those of Y3* (0.89 A); a substitution with Hf and Ca will
lead to a compensated oxide having T, closer to that of
pure YBCO. Therefore it is of interest to investigate the
effect of Hf substitution for Y in YBCO on superconduc-
tivity, oxygen content, and flux pinning. In order to un-
derstand the behavior of Hf with respect to the YBCO
structure, the simultaneous substitution of Hf and Ca at
the Y site has been undertaken.

In this paper, we report x-ray diffraction, resistivity, ac
susceptibility, and dc magnetization measurements on the
series of compounds having the stoichiometric composi-
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tions Y, _, Hf Ba,Cu;0, (YHfBCO) for x =0.0-0.2 and
(Y,_x-,Ca, Hf,)Ba,Cu;0, (YHfCaBCO) for x =0.15
and y =0.0-0.40. The interrelationship between the su-
perconducting transition temperature and the variation
of the oxygen content is discussed in the context of the
effective copper valence.

II. EXPERIMENT

A series of compounds having the compositions
Y, ,Hf Cu0, (x=0.0,0.05,0.10,0.15,0.20) and
Y, —,Ca,Hf, Ba,Cu;0, (x =0.15,y =0.05,0.10,
0.15,0.20,0.30,0.40) were synthesized by a standard
ceramic  technique!! under identical conditions.
Stoichiometric quantities of fine powders of Y,0;,
BaCO;, CuO, HfO,, and CaO (all 99.9% pure) were
thoroughly mixed and heated in air at 950°C for 24 hin a
platinum crucible. This reacted powder was reground
and reheated at 950 °C for 24 h to obtain a homogeneous
single-phase sample. The black product was then pulver-
ized and cold-pressed into pellets which were sintered in
air at 950°C for 24 h. To obtain fully oxygenated sam-
ples, these pellets were annealed under oxygen flow at
450°C for 12 h followed by slow cooling at the rate of
1°C min ! until room temperature was reached.

All the samples were characterized at room tempera-
ture by x-ray diffraction using Cu K« radiation. The x-
ray analysis revealed that all the samples were single
phase, with an impurity level of less than 1%. The
stoichiometric composition of the constituents in the
sample was confirmed by energy-dispersive x-ray analysis
using a JEOL scanning electron microscope. The oxygen
content was determined by the iodometric method. Resis-
tivity was measured as a function of temperature on regu-
larly shaped samples using the standard four-probe
method. The ac susceptibility was measured by an induc-
tive technique with a frequency of 313 Hz at 50 mV. dc
magnetization measurements were performed using an
EG&G PAR model 4500 vibrating-sample magnetometer
(VSM) with a 10-kOe electromagnet. An APD closed-
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cycle-refrigerator cryostat was used to cool the sample in
the temperature range 12 < T <100 K.

III. RESULTS AND DISCUSSION

An excellent agreement amongst x-ray-diffraction pat-
terns of YHfBCO, YHfCaBCO, and YBCO is an indica-
tion that the compounds YHfBCO and YHfCaBCO have
the YBCO structure. The observed x-ray-diffraction
peaks were modeled by modified Gaussian functions and
the refined unit-cell parameters, calculated using a stan-
dard least-squares program, are listed in Table I. All four
Hf-doped samples (x =0.05-0.20) and four of the Hf-
Ca-doped samples (x =0.15, y =0.05-0.20) remain or-
thorhombic with distortion (b —a)/(b +a) very close to
that of pure YBCO, while two Hf-Ca-doped samples
(x =0.15, y =0.3,0.4) approach towards tetragonal.

Table I shows the behavior of the lattice parameters a,
b, and c as a function of x and y. The lattice parameters
of Y,_ Hf Ba,Cu;0, for x =0.0,0.05,0. 10 display oscil-
lating behavior in @ and ¢, while for the x =0.15 and 0.20
concentrations all three lattice parameters exhibit con-
stant values. The observed peculiar behavior of the lat-
tice parameters of Hf-doped samples indicates that either
Hf may not be entering the YBCO structure uniformly as
the nominal concentration of Hf is increased, or the
smaller ionic radius of Hf** (0.78 A) compared to Y**
(0.89 A) may not cause noticeable structural effects simi-
lar to the ones observed with Pr3* (0.98 A).> However,
there is an overall volume increase from 173.34 to 174.54
A3 for Hf-doped samples with x =0.0-0.2, which is con-
sistent with the observed volume increase from 173.57 to
174.66 A’ for Pr-doped samples with x =0.0-0.2.3 In
the Ca-doped series, the lattice parameters are approxi-
mately constant until y =0.3, with nearly constant
volume, which is consistent with the simple picture of an
average ionic radius of Hf** (0.78 A) and Ca®* (0.99 A)
matching Y37 (0.89 A). A sharp jump for y > 0.3 occurs
due to a structural transition from orthorhombic to
tetragonal at y =0.4. These structural considerations in-
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dicate that the nominal concentrations are close to the
actual concentrations in the samples.

Oxygen content of the single-phase Hf- and Hf-Ca-
doped YBCO samples was determined by an iodometric
titration technique. The values are listed in Table I. The
effective Cu valence (2+p) or the hole concentration (p)
per [Cu-O] unit was calculated from these data and is in-
cluded in the table. p and z denote the hole concentration
per [Cu-O] unit and the oxygen content, respectively.
The substitution of Hf*" in place of Y37 is quite different
from Hf*? substitution in place of either Ba’* or Cu?"
Such a substitution in place of Y leads to a decrease in
the effective copper valence compared to the pure YBCO,
whereas substitution in place of Ba or Cu increases the
oxygen content essentially in the Cu-O chain re-
gions. 127! Tt is evident from Table I that both p and z
decrease with increasing Hf content in
Y, Hf, Ba,Cu,0, for x=0.0-0.2, indicating
that Hf*" replaces Y**, while both p and z increase
with increasing Ca concentration in
(Yo.g5—,Ca,Hf, 15)Ba2Cu3O for y=0.0-0.4, demon-
strating that Ca®" replaces Y>*.

Typical resistivity results from our Hf- and Hf-Ca-
doped samples are displayed in Figs. 1(a) and 1(b). Table
IT shows the resistive superconducting transition temper-
atures: onset, midpoint, and zero resistance. The Hf ions
suppress the superconductivity very effectively at an
average rate of ~1 K per at. % of Hf. The suppression
in T™9(R) by Hf substitution is compensated by the ad-
dition of holes by Ca doping at constant Hf concentra-
tion. This is shown by observing the increase in T, with
increasing y for (Y, gs_,Ca Hf; 5)Ba,Cu;0,. The tem-
perature dependence of the ac susceptibility y,. for
» =0.05-0.2 in (Y g5 ,Ca, Hf ;5)Ba,Cu;0, is shown in
Fig. 2, and the onset critical temperature determined
from ac susceptibility, T,(x,.), is listed in Table II. Pel-
lets of YHfBCO and YHfCaBCO were finely crushed to
powder and the average particle diameter was measured
(using differential-interference contrast optical microsco-
py) to be about 1X 10™% cm. The powdered samples were
cooled in zero external field during recording of the dc

TABLE 1. Lattice parameters, orthorhombicity, oxygen content, and effective Cu valence of
(Y,_, -, Hf,Ca,)Ba,Cu;0,.

Sample Lattice parameters (A) Orthorhombicity Oxygen content Cu valence

, | b—a

(x,y) a b c 10 bta z 2+p
(0.0,0.0)  3.8217(5) 3.8875(5) 11.6672(11) 0.853 6.83(3) 2.220
(0.05,0.0) 3.8198(5) 3.8841(5) 11.6475(11) 0.834 6.82(3) 2.197
(0.10,0.0)  3.8261(5) 3.8885(5) 11.6690(11) 0.804 6.80(3) 2.167
(0.15,0.0)  3.8400(5) 3.8897(5) 11.6893(11) 0.643 6.70(3) 2.083
(0.20,0.0)  3.8398(5) 3.8893(5) 11.6876(11) 0.640 6.65(3) 2.033
(0.15,0.05) 3.8396(5) 3.8886(5) 11.6883(11) 0.634 6.73(3) 2.120
(0.15,0.10) 3.8410(5) 3.8892(5) 11.6887(11) 0.623 6.84(3) 2.210
(0.15,0.15) 3.8408(5) 3.8887(5) 11.6880(11) 0.620 6.96(3) 2.307
(0.15,0.20) 3.8395(5) 3.8886(5) 11.6886(11) 0.635 7.03(3) 2.370
(0.15,0.30) 3.8450(5) 3.8600(5) 11.6872(11) 0.195 7.07(3) 2.460
(0.15,0.40) 3.8453(5) 3.8467(5) 11.6878(11) 0.018 7.12(3) 2.500
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FIG. 1. Resistance vs temperature for

(Y;-,-,Hf,Ca,)Ba,Cu,0,. (a) (x=0.05y=0),(x=0.10,y
=0),(x =0.15,y =0),(x =0.20,y =0), and (x =0.15,y
=0.15). (b) (x=0.15,y =0.05),(x =0.15,y =0.10), and
(x =0.15,y =0.20).

magnetization curves at several temperatures in the range
12<T <100 K. Figure 3 shows typical magnetization
M (H) scans obtained at T'=13 and 40 K for samples
with x =0.1 and 0.2, respectively, exhibiting pronounced
M (H) hysteresis loops indicative of large flux pinning.
The magnetic susceptibility determined as a function of
temperature from the magnetization results is shown in

Fig. 4 for typical samples, and the magnetic onset transi-
tion temperatures T,.(Xy,,) are listed in Table II. It is
evident from Table II that T™YR), T.(x,), and
T,(Xmag) agree very well with each other. This shows the
consistency of the measurements and the high quality of
the samples.

We have shown in Fig. 5 (a) T, versus Hf concentra-
tion x and in Fig. 5(b) T, versus Ca concentration y for
one Hf concentration (x =0.15). For the sake of com-
parison and completeness, we have also shown in Fig.
5(a) the reduction of T, with Pr concentration x in
(Y,_,Pr,)Ba,Cu;049s and in Fig. 5(b) the
variation of 7T, with Ca concentration y in
(Yo.35—,Ca,Prg 15)Ba,CusO4 os. The data for both sys-
tems was taken from Refs. 3 and 4.

It is evident from Fig. 5(a) that there is a disagreement
between the suppression of T, with Hf and Pr concentra-
tions of YHfBCO and YPrBCO,* respectively. This
disagreement suggests that the valence of Pr is not +3.90
as claimed,* but is closer to the accepted value of
+3.10.°

The observed suppression of T. by Hf substitution in
YBCO is explained on the basis of the oxygen effect as-
suming it is real. The oxygen content z of a superconduc-
tor is directly related to the hole concentration p or the
effective Cu valence 2+p, which controls the supercon-
ductivity. The concentration of holes can be varied by
varying the Hf doping concentration. It is evident from
Table I that T, decreases from 92 to 67 K as z decreases
from 6.83 to 6.65 with corresponding increase of x from
0.0 to 0.2. The trend is clear: the hole concentration p
decreases as the samples are doped with higher concen-
trations of Hf** for Y3*. The additional electrons con-
tributed by Hf ions are expected to fill mobile holes in the
CuO, planes, reducing conduction and eliminating super-
conductivity. As a matter of fact, p decreases from 0.220
to 0.033 as x increases from 0.0 to 0.2, with a correspond-
ing decrease in T, from 92 to 67 K (Table I). Our results
agree with the T,—oxygen-content behavior observed in
orthorhombic YBCO, in which 7. decreases with de-
creasing oxygen content from 6.85 to 6.50.'° These re-

TABLE II. T, values obtained from measurements of resistivity, ac susceptibility, and dc magnetiza-

tion for (Y,_, _ Hf, Ca,)Ba,Cu;0,. All T, values in K.

Sample Resistivity ac susceptibility dc magnetization
(x,) T T TR=° T. () T, (Ymag)
(0.0,0.0) 93.0(1) 92.0(1) 91.0(1) 91.5(1) 92.0(1)
(0.05,0.0) 88.7(1) 87.5(1) 86.5(1)
(0.10,0.0) 84.5(1) 81.5(1) 79.0(1) 80.0(1)
(0.15,0.0) 77.5(1) 74.0(1) 72.0(1)
(0.20,0.0) 71.0(1) 67.0(1) 65.0(1) 67.0(1)
(0.15,0.05) 81.5(1) 78.5(1) 76.0(1) 76.0(1)
(0.15,0.10) 82.5(1) 80.5(1) 78.5(1) 79.0(1) 80.0(1)
(0.15,0.15) 86.5(1) 84.5(1) 82.2(1) 84.5(1)
(0.15,0.20) 89.0(1) 85.5(1) 82.8(1) 85.0(1) 85.0(1)
(0.15,0.30) 82.5(1) 80.5(1) 79.0(1)
(0.15,0.40) 83.0(1) 78.0(1) 72.0(1) 78.0(1)
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FIG. 4. Magnetic susceptibility as a function of temperature
for (Y, -, Hf, )Ba,Cu;0,.

sults clearly establish that the effect of increasing Hf con-
tent in YHfBCO is equivalent to that of decreasing oxy-
gen content in YBCO.

It is evident from Fig. 5(b) that the T, of
(Yo.g5—,Ca,Hfj ;5)Ba,Cu30, increases with increasing y
up to y=0.2, exhibiting a maximum at y=0.2
(TM**~85.5 K), and thereafter it decreases with further
increase in y for 0.2<y <0.4. This implies that the
reduction in T, from 92 K (x =0.0) to 74 K (x =0.15) is
compensated by the addition of holes by 5-20 at. % Ca
(y =0.05-0.20). This counteracts hole filling and in-
creases T, from 74 to 85.5 K nearly linearly with y. Such
a behavior has indeed been observed and displayed in Fig.
5(b). A noteworthy fact is that the T -vs-y data shown in
Fig. 5(b) for (Yggs—,Ca,Prp 5)Ba,CuyOgqs (Ref. 4)
should have displayed compensation at y =0.15 (T, max-
imum) if the valence of Pr was +4. On the contrary, the
data show lowest T, at y =0.15, indicating that the
valence of Pr in this system is not +4, but +3.10, the ac-
cepted value,® consistent with the maximum at y =0.02
shown in Fig. 5(b).

The dependence of 7, on Ca concentration in
(Y35, Ca,Hf; 15)Ba,Cu;0, [Fig. 5(b)] is explained as
follows. Both oxygen content and hole concentration in-
crease as the samples are doped with higher concentra-
tions of Ca, as shown in Table I. The T, of
(Yo.35—,Ca,Hfj 15)Ba,Cu30, increases with increasing y
as p increases up to the optimum value 0.37
(y =0.2,T7**=85.5 K). The oxides around the optimum
value of p are identified as compensated oxides, with
x =0.15 at y =0.15 and 0.20, displaying T,’s of 84.5 and
85.5 K, respectively. The T,’s of these oxides lie closer to
that of pure YBCO (T, =92 K), as expected from ionic-
radius and valence considerations. Moreover, in these
compensated oxides, the hole filling by Hf is completely
balanced by hole doping from Ca. For further increase of
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p from 0.37 to 0.50 (y =0.2-0.4), T, decreases from 85.5
to 78 K due to excess hole doping by Ca. As a matter of
fact, excess holes doped by Ca in samples with x =0.15
at y =0.30 and 0.40 not only reduce T, but also induce a
structural transformation from orthorhombic to tetrago-
nal (see lattice parameters, Table I). Similar behavior
(reduction in T,) due to hole over-doping has been ob-
served in YBa,Cu;O, (Refs. 15 and 16) and
LaBa,Cu;0,_;."7

It is customary to use magnetization measurements as
a contactless method for determining the intragrain criti-
cal current density J.. From the width of the hysteresis
loop, it is possible to estimate J, in the superconducting
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FIG. 6. Magnetic-field dependence of J. for the Hf-doped
YBCO samples at various temperatures.
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portions of the samples using the Bean critical-state mod-
el.’® For a spherical grain of radius R in cm, J, in
Acm™? can be expressed in terms of the magnetization
M in emu cm ~? to a first approximation by the relation, '

+_ —
5 o 15[M*—M"]

c R , (1)

where M* and M~ are the moments observed while
sweeping the magnetic field up and down, respectively.
Using R =5X10"* cm, p=5 gcm ™ (measured density)
and Eq. (1), values of J.(H) at different temperatures
have been calculated for YHfBCO at x =0.1 and 0.2, and
the results are displayed in Fig. 6. It is evident from Fig.
6 that J. decreases with increasing temperature T, while
it remains nearly constant with applied magnetic field H
between 2 and 9 kQOe. For the sake of comparison, we
have also shown in Fig. 6 our data for J, versus H in a
pure YBCO sample (x =0.0) at T =12 K. Our J, value
for the x =0.0 sample at T=12 K and H =8 kOe is
~10°> Acm ™2 and is in very good agreement with the J,
obtained by flux-profile measurements® on a pure YBCO
polycrystalline sample, which was estimated to be ~10°
Acm™?at T=13 K and H =8 kOe. It is evident from
Fig. 6 that, the J, values for Hf-doped samples, with
x =0.1 and 0.2 are, respectively, 2.0 and 5.5 times larger
than the J, value of the pure YBCO sample at T =12 K
and H =8 kOe. This indicates that the Hf substitution
for Y does enhance flux pinning in YBCO and that
dopants act as pinning centers. The flux-creep model is
not applicable to our data.

In conclusion, the observed lowering of 7, with in-
creasing x in Y, _, Hf, Ba,Cu;0, provides convincing evi-
dence that the filling of holes by Hf** reduces the hole
concentration and suppresses superconductivity. This
suppression can be compensated by appropriate hole dop-
ing with Ca. This has been shown by the fact that Ca
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doping in (Y, g5, Ca, Hfj ;5)Ba,Cu;0, with y =0.0-0.2
increases T, from 74 (y =0.0) to 85.5 K (y =0.2), closer
to the value of 92 K for pure YBCO (x =y =0). By
comparison of critical currents and flux pinning between
pure YBCO and Hf-doped YBCO, it is found that Y-site
doping increases J.. in the YBCO system.
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