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Hall effect in bulk YBa,(Cu,_,Zn, );0,_;
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The Hall effect and the electrical resistivity have been measured in bulk samples having the general
composition YBa,(Cu,_,Z, );0,;_5 for 0 <x <0.06, in the temperature range 20-300 K, and for mag-
netic fields up to 5 T. The linear temperature dependence of the resistivity was observed for all the
doped samples between 100 and 300 K. The temperature dependence of the carrier concentration and
the T2 dependence of the inverse Hall mobility [ '(72)] show an anomaly at a temperature around 230
K. These results are discussed in the framework of existing theories.

INTRODUCTION

Atomic substitutions offer an important approach to
understanding the superconducting properties of the ox-
ide superconductors. In samples of YBa,(Cu,_,M,);0,
(where M =Fe, Ni, Zn, Co, and Al) the introduction of
these dopants causes the degradation of superconductivi-
ty. T, decreases almost linearly with increasing x and the
transition width increases slightly with increasing x,
probably due to slight inhomogeneities in the dopant dis-
tribution.

To date, there have been many investigations of the
solid solution series YBa,(Cu,_,Zn,);0,.' ' Among
the interesting properties observed in the cuprate super-
conductors, mention should be made of the normal-state
transport properties. In particular, the temperature
dependence of the Hall coefficient, Ry (T) in the normal
state of the cuprate superconductors, has been one of the
most interesting anomalies.!! =23

Tamegai and Iye!* for pure and zinc-doped
YBa,Cu;0,_;, and Suzuki'® for La,_, Sr,CuO,, where x
is within the superconducting range, found that Ry is
strongly temperature dependent, monotonically decreas-
ing with temperature. Doping studies by Clayhold
et al.,'' Chien and co-workers,'? and Ong!? showed that
when superconductivity is destroyed in Y-Ba-Cu-O or
La-Sr-Cu-O doped with Co and Ni, the slope dny /dT
shows a corresponding decrease. Kubo et al.'® reported
that in the superconducting cuprates, oxygen annealing
has a pronounced effect on 7, and Ry. In the case of the
Hall data, fluctuation effects in YBa,Cu;0,_5 above T,
give important deviations from the 1/7 normal-state
dependence of the Hall coefficient R and there is a simi-
lar behavior for Ry in the other cuprates.’> ! In the
literature, there are several theoretical models for these
fluctuation effects which, often, involve several parame-
ters and give very good fits of the same data, if some pa-
rameters are adjusted.

More recently, Dorsey and Fisher?* and Ferrell*® pro-
posed a model to explain, respectively, the Hall effect
near the vortex-glass transition in high-T, superconduc-
tors and the Hall voltage sign reversal in thin supercon-
ducting films.
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In Y-Ba-Cu-O, approximate descriptions of the tem-
perature dependence of the Hall coefficient (Ry) and of
the resistivity (p) are often given by the relations:

1/Ry=aT +b (a,b>0), (1)
p=p(0)+cT (c>0). (2)

Because the Hall data on Y-Ba-Cu-O are rather sparse,
Eq. (1) has not been thoroughly tested. Moreover, simul-
taneous measurements of p and Ry are often not avail-
able. In the present work, we were careful to simultane-
ously measure these two independent quantities, the elec-
trical resistivity and the Hall constant, on the same sam-
ples of bulk YBa,(Cu;_,Zn,);0,_5. Zinc, which does
not have a magnetic moment, causes a more rapid de-
crease of T, than Ni, Co, and Fe. The location of the Zn
atoms and their effect on the dynamics of the crystal lat-
tice are, however, still somewhat contradictory; some ex-
perimental results indicate that the Cu(l) sites are filled
preferentially, while other results show that the Cu(2)
sites are preferentially occupied.

EXPERIMENT

A series of YBa,(Cu;_,Zn,);0,_5 compounds were
prepared by the following standard solid-state powder
processing technique. Powders of BaCO; and the oxides
Y,0;, CuO, and ZnO, were stirred together in water, in
stoichiometric quantities, and in polyethylene jars with
ZrO, beads for 2 h. The powder was then dried and
pressed at 300 bars in order to obtain pellets which were
calcined at 905°C during 160 h under O, flow (heating
rate 3° C/min and cooling rate 0.5° C/min). The pellets
were then ground in SiO, jars with SiO, balls. The
powders were sieved (25 um mesh), pressed into 4-cm-
diam pellets and fired at 930° C under O, flow for 12 h
(heating rate 3° C/min and cooling rate 0.5° C/min).
This process was repeated twice, and the pellets were
then sintered at 950° C under O, flow (heating rate 3°
C/min and cooling rate 0.5° C/min) for 12 h and oxy-
genated at 500° C during 72 h.

Careful examinations of x-ray diffraction (XRD), ther-
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mogravimetric analysis (TGA), energy dispersion x-ray
analysis (EDAX), scanning electron microscopy
(SEM),and optical microscopy were performed to control
the grain distribution and the contamination of the sam-
ples. The oxygen content was determined by an
odometric titration method. Single-phase material was
obtained with impurity phase concentration lower than
1%, and homogeneity of the zinc distribution in the grain
was checked at the resolution level of the EDAX
analysis.

In order to perform precise Hall measurements, it was
essential to minimize the misalignment of the Hall arms
and also to achieve low contact resistances. For this pur-
pose, a sample was cut from a pellet into a five terminal
Hall-bar shape. Five pads were painted with silver-epoxy
adhesive onto the Hall-bar shape and successively tem-
pered at 400° C in air for 20 min. Finally gold wires were
attached with silver paste. The contact resistance de-
pended on the bulk resistivity of the sample, but was typi-
cally less than 0.2 Q for surfaces smaller than 10™* cm?.

We have measured the resistivity and the Hall voltage
(ac current) with a lock-in technique (Princeton Applied
Research, Model 5210) in magnetic field sup to 5 T, in
the temperature range 20—300 K. For dc measurements,
we used a Keithley 220 programmable current source, a
Keithley 182 sensitive digital voltmeter and a Keithley
181 nanovoltmeter. The current intensity which passed
through the sample was between 1 and 10 mA. The stan-
dard procedure of taking data for both polarities of the
current and the magnetic field, to cancel out thermal emf
and resistive components was followed. The temperature
dependence of the resistivity in zero field was measured
simultaneously as well as in a separate run.

RESULTS AND DISCUSSION

The Hall coefficient and electrical resistivity measure-
ments were made as a function of the temperature for
bulk YBa,(Cu,;_,Zn,);0,, with x =0 and
y=6.91,x=0.02, and y=6.91, x =0.039 and y =6.90,
x =0.053 and y =6.89, and x =0.058 and y =6.89 and
are similar to those of Chien and co-workers!? for Zn-
doped Y-Ba-Cu-O single crystals. They show an increase
in the Hall coefficient and a decrease in the transition
temperature as a function of x. We also observed an
anomaly in the temperature dependence of the Hall
coefficient in bulk material at high temperature. The
values of the Hall coefficient do not change appreciably
with x, but increase monotonically from room tempera-
ture down to just above T,. From the Hall coefficient
value Ry, we calculated ng ¥V, the Hall number, defined
as V/Rye (where V is the unit-cell volume, 173.2 Ad).
Figure 1 shows the temperature dependence of ny ¥V for
the pure and the Zn-doped samples.

As for the undoped YBa,Cu;04 4 sample, for the doped
sample with x =0-0.02, ny V shows a linear temperature
dependence between 100 and 300 K with a change in the
slope at 230-240 K. For the concentration range
x =0.039-0.058, it was found that the temperature
dependence is less linear near T, in partial agreement
with theoretical results presented by Nagaosa and Lee?®
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FIG. 1. Temperature dependence of the Hall number nyV
(defined as V/Rye, where V =unit cell volume) in
YBa,(Cu;_,Zn,);0,. The lines are a guide for the eyes.

and Ioffe, Kalmeyer, and Wiegmann.2’ The same

behavior can be seen in data reported by Chien and co-
workers.

Figure 2 shows the variation of the Hall number with x
at four temperatures (7 =100, 150, 200, and 300 K). The
lowest values correspond to the linear extrapolation of
the data to 7 =0 K. For the doped samples, the negative
slope d (nyV)/dx decreases with temperature from 0.17
for T =300 K to 0.04 for T =100 K.

The slope, d(nyV)/dT, of the linear dependence of
ngVon T, as discussed previously, is given in the inset of
Fig. 2. It decreases with x from 0.0084 hole/K unit cell
for x =0 to 0.0043 hole/K per unit cell for x =0.058.

Figure 3 shows the temperature dependence of the
electrical resistivity on the Zn content. With increasing
dopant concentration, the electrical resistivity curves are
shifted upwards, in agreement with the results reported
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FIG. 2. The Hall number nyV vs x (%) in bulk
YBa,(Cu,_,Zn,);0,, at T =0, 100, 150, 200, and 300 K. In the
inset, the slope d (ny V) /dT vs the zinc concentration. The lines
are a guide for the eyes.
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FIG. 3. Temperature dependence of the electrical resistivity
in bulk YBa,(Cu;_,Zn,);0,.

by Chien and co-workers'? and Ong!? for single crystals
of thle same system, and by Mehbod et al. for bulk sam-
ples.

The slope dp/dT is affected by impurity scattering as
shown in Fig. 4, where we also plotted the “residual resis-
tivity”” versus the x content. This last quantity was ob-
tained by the extrapolation of the electrical resistivity
curves at 7=0 K. The slope dp/dT increases from 0.96
(u cm/K) to 2.73 (uQ2cm/K). As in all our samples,
the oxygen concentration is almost the same, §~0.1, so
these effects can be attributed, in part, to a decrease in
carrier concentration caused by the zinc. [It is known
that a lack of oxygen also increases the residual resistivity
and the slope dp/dT (Ref. 20)].

The superconducting transition temperature T, togeth-
er with its width AT, taken from the resistivity data, are
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FIG. 4. The residual resistivity po, the slope dp/dT and, in
the inset, the superconducting transition temperature T, vs the
zinc concentration x (%) in bulk YBa,(Cu,_,Zn, );0,.
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plotted in the inset of Fig. 4. The bars indicate the width
of the transition defined by the 10% and the 90% values
of the resistivity. Over the measured concentration
range, T, decreased sharply from 91 to 46 K, in agree-
ment with previous work.! The reduction of T, by the
Zn impurities seems to be related to the decrease in the
“Hall slope” d(nyV)/dT and the increase in the slope
dp/dT. A similar correlation as been observed in
YBa,(Cu;_,M,)O,_s (where M=Ni, Co),'' in
La,_,Sr,CuO,, when the Sr content is varied,'® and in
Tl,Ba,CaCu,O4_ 5 when the oxygen content is varied.?!

From the Hall constant and the electrical resistivity
data (measured during the same experimental run), the
Hall mobility was calculated (using the relation
vp=Rpy/p) for the different Zn-doped samples and is
given in the inset of Fig. 5. The Hall mobility decreases
with the addition of Zn at any fixed temperature in agree-
ment with Ghorayeb et al.!° and with an analysis of the
data from Chien and co-workers.!?

Figure 5 shows the dependence of the inverse Hall mo-
bility (u5!) on the square of the temperature. For all the
samples, the data fall on straight lines in the temperature
range from approximately 100 to 230 K, at which tem-
perature the slope of the curves changes. (The values of
the slope are slightly dependent on the Zn content.) This
result may indicate a change in the scattering mechanism
of the carriers at about 230—-240 K. This deviation from
the T'? dependence can also be seen in the Zn-doped YBa-
CuO single-crystal data,'? which were interpreted in the
frame of the Anderson theory.”® More recently, Mott>°
suggested that, in zinc-doped Y-Ba-Cu-O, the current
carriers are fermions forming a degenerate gas (a Fermi
liquid), with an effective mass depending on the phonon
frequency.

The experimental results on the Hall effect in Zn-doped
Y-Ba-Cu-O are also very difficult to interpret in the
framework of the Bloch-Boltzmann theories, which try to
explain the temperature dependence of ny V using cancel-
lation effects of multiple bands. Furthermore, a compen-
sational mechanism?® may be suggested but would as-
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FIG. 5. The square temperature dependence of the inverse
Hall mobility [p5'(T?)]. (In the inset is the temperature depen-
dence of the Hall mobility) in bulk YBa,(Cu,_,Zn,);0,. The
lines are a guide for the eyes.
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sume a rather symmetric band structure. If, however, we
suppose that, in YBa,Cu3;0;_j, only one band contributes
to the hole transport, the observed anomalous Hall effect
cannot be explained using only conventional Fermi-liquid
theory. At present, there is no theoretical model which
can explain the transport mechanism in Zn-doped
Y-Ba-Cu-O over the entire temperature range.

CONCLUSIONS

We report an investigation of Zn substitution effects in
bulk YBa,(Cu;_,Zn, );0,_5, prepared by a standard
solid-state reaction, for 0 <x <0.06. The fact that the Zn
doping causes the same anomalies to occur in (12 3) and
(2 14) systems, in the Hall number and in the electrical
resistivity, suggests that Zn goes preferentially in the
planes. The linear temperature dependence of the resis-
tivity was observed for all doped samples between 100
and 300 K. The temperature dependence of the carrier
concentration shows the following two anomalies.

Below room temperature, the carrier concentration de-
creases linearly with the temperature down to
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T ~230-240 K, where there is a change in the slope of
ng(T) and a further linear decrease towards a minimum
value at a temperature T > T,. This variation could be
caused by a subtle change in the “ionic lattice” rather
than a modification of the electronic structure. The T2
dependence of uy!, with a change in the slope around
230-240 K, observed over the entire doping range, is
strongly correlated with the T dependence of the carrier
concentration.

Note added in proof- We recently became aware of the
work of Kremer and co-workers showing, by susceptibili-
ty measurements, the existence of an electronic phase
separation in the CuO, planes, starting around 7 =230
K, in the La-cuprates.’® The anomalies around 230 K,
described here, could be an indication for such a phase
separation in the Y-Ba-Cu-O system.
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