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Hall-effect study of bulk YBazCu3 „Fe O~ (0 & x & 0.2, 6 &y & 7)
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We report systematic measurements of the resistivity and of the Hall coe%cient R& of bulk
YBa2Cu3 Fe O~ by varying both the iron doping and the oxygen concentration and for temperatures
ranging from 100 to 250 K. The Hall number n„ll (at 100 and 200 K) decreases linearly with decreasing

y for all x and exponentially upon Fe doping. The temperature dependence of n„l~ is strongly suppressed
upon removing holes from the system either by increasing the amount of iron doping or by de-
oxygenation. The dependence of n„&l on temperature and on doping as well as the relation between
dn l& /d T —T, and T, —n „&~ are also discussed. Finally, we discuss our results in the context of the
cot8& vs T variation.

INTRODUCTION

The elucidation of the normal-state properties of the
high-T, superconductors is probably the key for the un-
derstanding of the mechanism that is responsible for the
occurrence of superconductivity in the cuprates. Among
the most powerful probes is certainly the Hall effect since
it provides information on the carrier density and the
sign of the carriers as well.

Studies on single crystals of YBa2Cu30 (1:2:3)showed
that the Hall coefficient Rlt is positive for H~~c, with an
unusual 1/T dependence, while it is negative for Hlc
with very little temperature dependence. ' Since a 1/T
dependence is also met in ceramic samples, the Cu02
planes must dominate the Hall coefficient. The 1/T
dependence remains still unexplained and is most pro-
nounced for the 1:2:3 superconductor, but there is in-
creasing evidence that R~ behaves similarly in the other
cuprates as well.

Experiments in Zn-doped 1:2:3 single crystals proved
that the Hall anomaly can be better described in terms of
the cotangent of the Hall angle. It was found that
cotO~ =aT +C. In an accompanying letter, Anderson'
in view of the fact that these systems are in the strong
correlation limit, proposed an explanation within the
two-dimensional Luttinger liquid framework. Recently,
Carrington et aI. " explained the unusual T dependence
of R~ and the T dependence of cotO~ by a simple model
involving a two-dimensional (2D) Fermi surface with rel-
atively large fiat regions and small rounded corners (as
calculated by Pickett et al. ' for the CuOz planes of
YBa2Cu307&). Finally, Kubo and Manako' explained
their data in T1-based overdoped cuprates by assuming a
temperature-dependent carrier density and only one re-
laxation rate 1/~~ T . However, their model does not
seem to account for the observed linear thermopower. '

Experiments in Ni- (Ref. 15), Co- (Ref. 11), and Pr-
(Ref. 16) doped 1:2:3:single crystals, c-axis-oriented thin
Alms, ' ' La, 85Sro»Cu, 3 04 ceramic samples with
2 =Fe, Co, Ni, Zn, Ga, ' and overdoped T1 cuprates'
have proved the generality of the cotO~ behavior.

Regarding 1:2:3,the effect of oxygen stoichiometry and
of 3d-transition metal doping (Fe,Co,Ni, Zn) on the value
of R~ as well as on the temperature dependence of R~
have been widely studied. ' ' R~ remains positive
but its temperature dependence is systematically
suppressed upon doping (either by de-oxygenation or by
3d-metal doping), following the depression of the T, . It
was found that Ni or Zn doping does not alter
significantly the Hall number n „ii (defined as
n„»= V„»/Rtte, where V„» is the unit cell volume)
whereas oxygen depletion and Co or Fe doping affect
considerably n„&&, suggesting that the mechanism which
is responsible for the destruction of the superconducting
state is different in the two cases.

Following our previous work on the inAuence of a con-
trolled variation of both the iron and the oxygen content
on the structural parameters and on the superconducting
parameters (such as T, and Meissner fraction) of the 1:2:3
superconductor, we come now to study the effect of this
simultaneous variation on the Hall number as well as on
the temperature dependence of n„&&. Moreover, we dis-
cuss our results in terms of the cotO~.

EXPERIMENTAL PROCEDURES

Samples of YBa2Cu3 Fe O„with x =0, 0.5, 0.1, 0.15,
and 0.2 were prepared with the standard solid-state reac-
tion technique. Before the Anal state of the 550 C oxy-
genation (that is necessary in order to reach y =7) each
pellet was pulverized and the resulting powder was equal-
ly divided in small batches. Then, each batch was
pressed in the form of a rectangular bar with typical di-
mensions 19.5 X 6. 5 X 1.2 mm. These rectangular bars
were sintered under flowing 02 at 980'C for 24 h, held
under Aowing O2 at 550 C for another 24 h and they
were allowed to cool to room temperature inside the fur-
nace. Thermogravimetric analysis (TGA) showed that
the oxygen content of the as-prepared samples was
6.95+0.05.

The samples with the variable oxygen content were
prepared according to the following procedure. First, we
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obtained the TGA traces of the as-prepared samples
(when in powder form) by heating them up to 900'C in
fiowing Ar and with a heating rate of O'C/min. In this
way we could immediately find at which temperature a
given loss of oxygen was completed. Thus, after deciding
which samples we wanted to prepare (with regard to the
oxygen loss), we heated each rectangular bar up to the
corresponding temperature with a rate of 1'C/min (since
the oxygen kinetics are much slower in the case of the
pellet) under fiowing Ar in a completely programmable
furnace. When the desired temperature was reached the
rectangular bar was immediately cooled to room temper-
ature and kept in the Ar Aow for more than 1 h before it
was removed from the furnace (to ensure that there was
no oxygen uptake from the air). Since the T, of our sam-
ples are nearly the same with those in our previous
work on Fe-doped 1:2:3,we are sure that their oxygen
contents are the ones we deduced from the thermogra-
vimetric analysis, within of course the experimental error
of the technique.

Six electrical contacts were made using silver paste on
silver pads that were deposited on the samples with dc
magnetron sputtering. Hall measurements were conduct-
ed in a magnetic field of 6 T and the linearity of the Hall
voltage vs 8 was checked for at least two temperatures in
fields of I —6 T. The measuring current was between 10
and 100 mA. The T, of the samples were deterimned as
the midpoint (90—10%)of the resistive transition.
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RESULTS

The identification of the Hall number n„» with the ac-
tual carrier density per unit cell volume is valid only for
parabolic band structure and isotropic scattering. In gen-
eral, the Hall coefficient is a complicated average of the
local Fermi surface curvature and it is the curvature that
determines its sign and not the carrier type. Moreover,
the fact that in the cuprates RH is strongly T dependent
probably makes unrealistic a simple inference of the actu-
al carrier density from R~. However, a lot of experimen-
tal results were described and discussed in terms of n„»
(which can best be thought of as an effective carrier den-
sity). In order to compare our results with previous work
and to discuss certain points we will also use the Hall
number convention. On the other hand, we discuss our
results in terms of the cotangent of the Hall angle despite
the polycrystalline nature of our samples (in sintered
samples Hall measurements are greatly influenced by the
c-axis resistivity and grain boundary effects) and the lim-
ited temperature range.

The p( T) curves of the as-prepared samples are
presented in Fig. 1(a). All the samples appear to have a
metallic normal state. The width of the resistive transi-
tion AT, increases as the Fe content increases. For the
x =0 sample the transition width is only about 0.5 K,
while for the x =0.2 sample hT, =8 K.

The temperature dependence of the resistivity has been
measured for all the series of samples corresponding to
the various x. Representative results for the x =0.05
series of samples are shown in Fig. 1(b). The normal-
state behavior changes from metallic to semiconducting-
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FIG. 1. The p(T) curves for (a) the as-prepared samples and
(b) the x =0.05 series.
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like as the oxygen content decreases. For the x =0.2
series, all the samples (except the as-prepared sample)
show a semiconductinglike normal state.

The systematic nature of the variation of the tempera-
ture dependence of the resistivity as a function of iron
doping and oxygen content for all the samples (as-
prepared and de-oxygenated) is convincing evidence for
the reliability of the preparation procedure.

The variation of the Hall number with temperature for
the as-prepared samples is shown in Fig. 2 (the error bars
in all figures denote the experimental error and data
points without error bars mean that the size of the cen-
tered symbol used is greater than the experimental error).
It can be seen that n„&& shows a linear T dependence with
a slope that is gradually suppressed with increasing Fe
doping until it becomes negligible at x =0.2 and also that
the implied carrier concentration decreases as more Fe
enters into the structure. Substituting Fe + for Cu + is
expected to lead to a decrease of the hole density but it
should be noted that the oxygen content of 1:2:3is known
to increase upon Fe doping. For the x =0.2 as-prepared
sample n„&& is estimated to be 0.18 holes/cell at 100 K
and it is almost insensitive to the variation of the temper-
ature. The overall behavior resembles what has been re-
ported for the case of Co-doped 1:2:3. '

For the series of samples corresponding to various x,
we can see in Fig. 3 that the removal of oxygen decreases
n„» (as expected) and also weakens its linear T depen-
dence.

Figure 4 shows the variation of n„&& with the Fe con-
tent at T=200 K and for various oxygen stoichiometries.
This variation can be described with an exponential law
for all the oxygen contents (the 100 K values also show
this behavior even though the exponential decrease is
much slower). The exponential decrease of n„» with Fe
doping becomes faster as more oxygen is removed from
the structure. The n„&& vs x variation for the as-prepared
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samples come to terms with what has been reported for
Fe- and Co-doped 1 2 3

Figure 5 shows the variation of n„&& with oxygen
stoichiometry for the undoped compound as well as for
various Fe dopings at 200 K. At 100 K the situation is
completely analogous. The plots are linear with diferent
slopes and intercepts. Recently, Cooper et a/. reported
that for the undoped 1:2:3 the normalized Hall number
[n„»(y)/n„»(y =7)] at room temperature decreases ex-
ponentially with decreasing y. However, the absolute
values of n„» we measured at 100 K (and at 200 K as
well) for the x =0 series of samples are in excellent agree-
ment with those in Ref. 4. The plateau profile in the n„~&
vs y variation reported by Wang et al. was not observed
either in this work or in the work of Cooper et al.

Next, we discuss the variation of the T, with the Hall
number for the as-prepared samples. At 200 K, T, ap-
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FIG. 2. The variation of n„» with temperature for the as-
prepared samples.

FIG. 3. The variation of n„» with temperature of the various
series of samples {a)x =0, {b)x =0.1, and {c)x =0.2.
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FIG. 4. The variation of n„» with the Fe doping at T =200
K for various oxygen contents.

at a carrier density near n„~& = 1. Finally, for the series of
samples with x =0.1, 0.15, and 0.2 the variation of the
T, with the Hall number is linear at both temperatures.
We should also note that the slope dT, /dn„u increases
with increasing iron content, that is, T, is more sensitive
in the Hall number for the Fe-doped rather than for the
undoped samples.

The variation of cotOH with T for the as-prepared
samples and for the x =0.05 series is shown in Figs. 6(a)
and 6(b), respectively. The relation cotOH =a T +C
holds for almost all of our samples. Exceptions are these
samples whose resistivity shows a large upturn at low T
(an example is the y =6.64 sample of the x =0.05 series).
In these cases the p vs T profile determines the cotOH vs
T profile as well.

For the as-prepared Fe-doped samples the slope cx, al-
though it does not depend on the Fe content, is doubled
with respect to that of the undoped, fully oxygenated
1:2:3. For the x =0 sample, n=17X10 K, a value

pears to reach a maximum at about n„&& =1, while at 100
K the variation is steeper. These results are in good
agreement with those of previous studies on Fe-doped
1:2 3 22

For the x =0 series of samples we observed a parabol-
iclike variation of T, with n„&& at 100 K, whereas at 200
K the variation certainly cannot be described with a sin-
gle curve. More specifically, even a slight increase in n„&&

(resulting from the increase of the oxygen content from
6.45 to 6.52) causes T, to rise from 0 to 40 K, while a fur-
ther increase in n„&& causes a much smaller increase of
the T, . This behavior closely resembles what has been
previously reported.

For the x =0.05 series of samples T, varies linearly
with n„&& at 100 K, while at 200 K it appears to saturate
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FIG. 5. The variation of n„» with oxygen stoichiometry for
all x at T=200 K.

FIG. 6. The variation of cot80 with T for (a) the as-
prepared samples and (b) the x =0.05 series.
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that is about three times the value of u for single crystals.
This difference can be easily explained from the difference
in the resistivity values between bulk materials and single
crystals.

Regarding the x =0.05 series, the slope cx initially in-
creases upon de-oxygenation. As the oxygen content is
decreased below 6.70, a begins to decrease gradually
since in this region the cotOH vs T variation is dictated
from the p vs T variation. In both cases, Fe doping and
deoxygenation, C is considerably increased. For the oth-
er series of samples the results are completely analogous.

DISCUSSION

Apart from the linear T dependence of n„» which will
be discussed in detail below we would like first to com-
ment on the effect that Fe and oxygen doping have on the
Hall number.

First, Fe doping causes an exponential decrease in n„»
in a similar fashion with Co doping. This is not an unex-
pected similarity if we recall that both Fe and Co are
known to substitute mainly at the Cu(1) chain site. ' In
the case of Co-substituted 1:2:3, this exponential decline
in n„» as well as the reduction in the T, values have been
associated with the shortening of the Cu(l)-0(4) bond
length as x increases. ' As 0(4) moves away from the
Cu(2)-0 plane, mobile (plane) holes are transferred to the
Cu(1)-0 layer where they are localized and therefore do
not contribute to the Hall signal and can be measured
only chemically.

The idea of dividing the total number of holes into
mobile planar holes and localized chain holes was pro-
posed by Tokura et al. They suggested that there is a
threshold at which charge begins to appear on the planes
(a reasonable thought since beyond a hole concentration
it should be easier to begin to put holes in the planes than
to further increase the charge in the chains beyond this
value) and also that this threshold charge decreases for
sma11er oxygen content. Therefore, the role of the chains
is simply to act as a charge reservoir while the planar
charge is the principal variable governing the supercon-
ducting properties. van Woerden and de Leeuw ex-
plained their data on Nd(Ba, Nd )2Cu307+s on the
basis of a redistribution of holes between the planes and
the chains, following the model of Tokura et al. They
have also argued that the driving force for the transfer of
holes from the planes to chains is of electrostatic origin.
The extra oxygen incorporated at the oxygen chain sites
makes the chains more negative and thus more attractive
for the positively charged holes.

Miceli et al. also claimed that there is a critical
Cu(l)-0(4) bond length necessary for superconducting
behavior but the limited number of data points pose
difficulties in accepting such a general point of view. Re-
garding the YBa2Cu3 Fe O~ system, the variation in
the Cu(1)-0(4) bond length as x increases is negligible
whereas both n„» and T, vary considerably with x.
Therefore, it is not clear how the Fe atoms in the Cu(1)-0
layer infiuence the Cu(2)-0 plane without significant
changes in the distance of the apical oxygen from the
Cu(1)-0 layer, since it is generally accepted that the

Cu(2)-0 plane is the structural unit where the essential
part of superconductivity is taking place in the high-T,
sup erconductors.

As for the decrease in n„» caused by deoxygenation, it
was found to be linear with y rather than exponential and
did not show the plateau behavior observed in the case of
the Meissner (and T, ) vs y variation. Regarding the
infiuence of oxygen stoichiometry on the Cu(1)-0(4) bond
length in the case of the YBazCu30 system, Jorgensen
et al. reported that it decreases from 1.857 to 1.818 A
as the oxygen content decreases from y =6.93 to y =6.45
and that the variation is linear in the region 6.5 &y & 7.
It has been suggested that the decrease in n„» (as well as
in the T, ) upon removing oxygen from the structure is
caused by a mechanism analogous to that in the case of
Co doping. '

Another interesting point is the decrease of the slope
dn„»/dT upon doping. For the tetragonal Fe-doped
samples (x ~0. 1) and y &6.64, dn„»/dT is practically
zero. This zeroing of the slope dn„»/dT is quite impor-
tant since it can be directly related to the absence of su-
perconductivity in these samples. It is a confirmation of
the view that the destruction of the superconducting state
and the suppression in the T dependence of the implied
carrier density are closely linked. Furthermore, the con-
siderable decrease observed in the slope dn„»ldT upon
removing even small amounts of oxygen from Fe-doped
samples is further evidence that dn„»/dT and T, are
more closely correlated for the Fe-doped rather than for
the undoped 1:2:3.

As for the effect of the Hall number on the T, it ap-
pears that T, depends strongly on n„». Regarding the
x =0 system, we can distinguish two regions in the T, vs
n„» diagram: one for low oxygen contents (y &6.5)
where the increase of the T, upon increasing y and there-
fore n„» is very abrupt (in the work of Cooper et al. the
T, increases from 0 to 40 K as y increases from 6.32 to
6.47 while n„» is increased by a factor of 3) and another
for y )6. 5 where T, increases gradually with increasing
n„». This comes to terms with the model of Tokura
et al. where the planar charge largely determines T,
and it is the decrease of this charge upon doping that
leads to the observed suppression of the T, . Cava et al. '

suggested that the decrease of the T, from 90 to 60 K is
due to transfer of (negative) charge of approximately
0.03e/Cu into the planes near y =6.6, and a further
charge 0.05e/Cu that is transferred to the planes near
y =6.45 results in destroying the superconductivity.
Moreover, superconductivity is suppressed more rapidly
upon de-oxygenating samples with increasing Fe content,
since dT, /dn„&& increases as more iron is incorporated.
This result is in excellent agreement with our previous
work on Fe-doped 1:2:3, where we have pointed out
that as Fe doping increases, the drop in the T, due to de-
oxygenation gets more rapid. For both the doped and the
undoped system we can therefore conclude that an
enhanced Hall number is necessary for the occurrence of
a high T, . Finally, the way in which the carrier density
affects T, depends on the way that the hole density is
varied (Fe doping or oxygen depletion). We should no-
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tice that Priftis et al. reported that the variation of the
T, vs n„» (at room temperature) can be fitted with a sin-

gle curve regardless of the way in which the carrier densi-
ty is varied.

We turn now to a discussion of the well established
1/T dependence of the Hall coefficient RH which we
have also observed in our samples. It is a very unusual
result since for a simple metal RII is temperature in-
dependent and is approximately given by the simple rela-
tion RH =1/nHe Wi.thin conventional Bloch-Boltzmann
theory, a temperature-dependent Hall coefficient can
arise either when the scattering rate 1/r(k) is anisotropic
with the anisotropy changing with temperature or when
multiple bands are involved. It was attempted to ex-
plain the T dependence observed in 1:2:3by using a two-
band model involving an electron and a hole band. As-
suming then that the carrier population is the same in the
two bands and that the electron and hole mobilities are
dominated by the initial terms of a Taylor expansion in
1/T although they differ in second order, the observed
1/T dependence of RH can be easily reproduced. How-
ever, the occurrence of such an amazing symmetry be-
tween the holes and the electrons for all the cuprates
seems at least unrealistic. The independence of RH on
pressure as well as the fact that doping increases the
value of R~ rather than decreasing it, provide good evi-
dence against multiband models. As for conventional
magnetic skew scattering, the absence of saturation at
very high magnetic fields and low temperatures [measure-
ments have been performed up to 20 T and down to 2 K
in the case of Nd2 Ce„CuO„s (Ref. 8)] is a good
reason for rejecting it as well, as the source of the 1/T
dependence.

Chien et al. suggested that in the case of 1:2:3 the
only type of carriers are holes and that the observed T
dependence of RH should be closely related to the unusu-
al charge carriers in the Cu(2)-0 planes. As for the oc-
currence of a similar RH vs T profile in the other super-
conducting cuprates as well, it might be the case that the
anomalous Hall current is probably a universal property
of these systems (as are many other properties) and as
such it is very unlikely that the details of the Fermi sur-
face and of the phonon spectra can have any inAuence on
the basic electronic state of the Cu(2)-O planes (that are
the common structural unit of the cuprates and the place
where superconductivity occurs).

Let us now discuss the cotO~ vs T variation. Accord-
ing to Anderson's model, there are two types of quasipar-
ticle excitations, spinons and holons, with different relax-
ation rates. The transport relaxation rate 1/r„(which
determines the resistivity) is related to the spinon-holon
scattering that leads to a linear T dependence, i.e.,
1/~„~ T. The transverse relaxation rates 1/~0 is related
to the spinon-spinon interaction and therefore varies as
T like for any other fermion-fermion interaction.

~xx tr ~ 1/T and o'xy ~ wtrvII 1/T . Since
cot8~(=o „lo ~ ) depends only on rH, it varies as T2,
that is, cotOH =aT +C. The slope a is related to the re-
ciprocal spinon bandwidth and C is a measure of the in-
plane magnetic impurity scattering rate.

In the case of c-axis-oriented thin films with various
oxygen contents, ' the observed increase in the slope a
upon de-oxygenation has been related to the reduction of
the true carrier density (which also results in decreasing
the spinon bandwidth as well). For the sintered samples
we studied, the tensor nature of the Hall coefficient pre-
cludes a direct comparison with the slope a. Neverthe-
less, it is worth noticing that the increase we observed in
the slope a upon Fe doping is consistent with such a pic-
ture, since Fe decreases the carrier density. However, re-
cent experiments in Co-doped single crystals" have
shown an opposite trend: a decreases upon Co doping.

The increase of a observed in the x =0.05 series upon
removing oxygen from the system (we are referring to the
y ~ 6.70 samples) can also be interpreted in the same con-
text. Here, we should also mention that the variation of
a upon deoxygenation of the undoped 1:2:3is not well es-
tablished. Experiments in c-axis-oriented thin films have
shown two different behaviors: a increases as y de-
creases' and cz decreases as y decreases and saturates in
the 60 K plateau region. ' Probably experiments in sin-
gle crystals are needed to resolve this uncertainty.

The increase of C both upon Fe doping and de-
oxygenation can, to a certain extent, be attributed to dis-
order scattering but it is more likely that the reason is the
largely increased resistivity values. It certainly cannot be
explained with the creation of local magnetic moments in
the Cu02 planes, although a small fraction of the Fe
atoms can occupy the Cu(2) sites.

CONCLUSIONS

We have studied extensively the variation of the Hall
number with Fe doping (0 & x & 0.2), oxygen content
(6 &y &7), as well as with temperature (100—250 K) for
the YBazCu3 „Fe„Q system. Both Fe doping and oxy-
gen depletion decrease n„» but in a different way (at least
up to 200 K.) The exponential decrease in n„» with in-
creasing x becomes more rapid as the oxygen content de-
creases. The slope dn„»/dT and the T, are closely relat-
ed since the zeroing of the slope coincides with the ab-
sence of superconductivity for y (6.64 and x ~ 0. 1. T, is
a sensitive function of the Hall number for both the un-
doped and the Fe-doped system. Especially for the Fe-
doped samples, dT, /dn„» (the hole density is varied
through de-oxygenation) increases with increasing Fe
content. The cotOH vs T relation holds for the majority
of our samples. The variation of the parameters a and C
with Fe doping and oxygen content is discussed, within
the reservations posed by the polycrystallinity of our
samples, and it is compared with experiments in c-axis-
oriented thin films and single crystals.
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