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Hall effect of YBa2Cu3O72d single crystals

R. Jin* and H. R. Ott
Laboratorium für Festkörperphysik, ETH-Ho¨nggerberg, 8093 Zu¨rich, Switzerland

~Received 19 December 1997!

For a number of YBa2Cu3O72d single crystals with various oxygen concentrations and differing values of the
zero magnetic-field critical temperatureTc0 , the Hall effect has been investigated between 10 and 300 K by
applying magnetic fieldsHic and currentsI'c, wherec denotes the direction perpendicular to the Cu-O
planes of this material. These measurements yield that the sign change of the Hall voltage close toTc0 varies
with d and eventually disappears in heavily oxygen-depleted YBa2Cu3O72d single crystals. Such behavior can
qualitatively be explained by a model calculation based on the time-dependent Ginsburg-Landau theory. In the
normal state, we find that the Hall coefficientRH and the Hall angleuH vary asRH

21}T and cotuH}T2 in an
extended temperature range, as has previously been found for fully oxygenated YBa2Cu3O7 and
YBa2Cu32yM yO7 ~M5Ni, Zn!. Deviations from these behaviors for bothRH

21 and cotuH are observed below
a characteristic temperatureT* , wherebyT* increases with decreasingTc0 , i.e., increasing oxygen depletion.
This implies a temperature-induced variation of the normal-state electronic spectrum and/or the scattering
parameters governing the electronic transport of this material.
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I. INTRODUCTION

The Hall effect of high-Tc cuprates has been studied e
tensively in both the mixed and the normal state. Numer
experiments with nearly optimally doped cuprates1,2 have
shown quite generally that the inverse of the Hall coeffici
RH

21 varies linearly with temperature in the normal state b
changes its sign at temperatures in the vicinity of the ze
field superconducting transition temperatureTc0 . Recent
studies on La22xSrxCuO4 ~Ref. 3! and YBa2Cu3O72d ~Refs.
4–6! showed that at doping levels away from optimal co
ditions, more or less pronounced deviations ofRH(T) from
the above sketched behavior are observed at tempera
above and belowTc0 . This is of importance because th
above-mentioned temperature variations of transport pro
ties have been matched with theoretical predictions aimin
characterizing the unusual nature of these conducting
prates. Additional measurements have demonstrated tha
hole-type cuprates the magnitude of the negative Hall c
ductivity close to Tc0 increases with increasing pinnin
strength,7–9 suggesting that the sign change of the Hall vo
age is also related to pinning-induced backflow of cha
carriers.10 Furthermore, the normal-state Hall effect11,12 and
NMR measurements13 on Zn-doped YBa2Cu32yZnyO72d
suggest that Zn doping only creates in-plane disorder with
affecting the temperature dependences of the transport c
ficients or the carrier density, although the value ofTc0 dis-
tinctly decreases with increasing Zn content. In a more rec
report,14 it was claimed that varying the oxygen content
YBa2Cu3O72d material is roughly equivalent to substitutin
Zn for Cu and it was argued that Zn or oxygen doping m
not affect the normal-state spin-fluctuation spectrum
YBa2Cu32yZnyO72d. All these controversial experimenta
results and their interpretation indicate that both the exp
mental and the theoretical situations regarding the influe
of doping on the Hall effect are not settled and the origin
570163-1829/98/57~21!/13872~6!/$15.00
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the anomalous Hall response in both the mixed and the
mal state of a given superconductor is not fully understo

In an attempt to enhance the data base for improving
understanding of the Hall anomalies and their relation w
the doping level, we have measured the Hall effect on
number of YBa2Cu3O72d single crystals with differing oxy-
gen concentrations and hence differing values of the crit
temperatureTc0 between 39 and 91 K. Our experiment
results reveal a general trend in the temperature variation
the Hall parametersRH anduH in both the mixed and norma
state upon changing the oxygen content. We compare
data and results of our analysis with theoretical models15–19

and other similar or related experimental findings,3,12,20–22

and we identify both agreements and disagreements with
spect to observations of anomalous features of the Hall ef
in the mixed and the normal state of underdop
YBa2Cu3O72d in this and other work.

II. SAMPLES AND EXPERIMENT

Using the technique described in Ref. 2, the in-plane l
gitudinal voltageVxx and the in-plane Hall voltageVxy of
seven monocrystalline YBa2Cu3O72d samples have bee
measured. The dc currentI and the magnetic fieldH were
applied perpendicular and parallel to thec axis of the crys-
tals, respectively. In this study, we selected a YBa2Cu3O72d
single crystal withTc0590.5 K, which was grown by the
method described in detail elsewhere.23 In order to adjust the
oxygen content, the single crystal was cut into three piec
One of them was labeled as sample I with the dimension
2.231.030.2 mm3. Of the two others, one (1.030.5
30.2 mm3) was annealed in a tube furnace in flowing O2,
and the third (0.530.430.1 mm3) was annealed in air. This
resulted inTc0591.0 K for sample II and 84.0 K for sampl
III, respectively. By subsequent annealing of sample I
350 °C in Ar atmosphere and altering the annealing time,
varied theTc0 values of the same piece of crystal. This pr
13 872 © 1998 The American Physical Society
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57 13 873HALL EFFECT OF YBa2Cu3O72d SINGLE CRYSTALS
cess lead to sample IV with aTc0 of 78.0 K and samples V
VI, and VII with Tc0572.0, 53.0, and 39.0 K, respectivel
The annealing process indicates that the increase/decrea
Tc0 is due to the increase/decrease of the oxygen conten
the sample, i.e., an enhancement of the oxygen deficiend
results, as is long well-known, in a reduction ofTc0 . For
ensuring consistency,Tc0 for all samples studied was define
as the highest temperature at which the zero-field longitu
nal resistivityrxx(H50) is zero within experimental resolu
tion.

III. RESULTS AND DISCUSSION

A. Superconducting state and sign reversal of the Hall voltage

In Fig. 1~a!, we display the temperature dependence of
Hall resistivity rxy between 10 and 300 K for seve
YBa2Cu3O72d samples. The longitudinal resistivityrxx in the
same temperature interval is shown in Fig. 1~b!. For easier
comparison, all these data were taken atH555 kOe. It may
be seen in Fig. 1~a! that, without exception, at high temper
turesrxy is positive and increases with decreasingT. All the
rxy vs T curves are shifted upwards asd increases, i.e., the
doping andTc0 decreases. This is consistent with previo
results observed for oxygen-depleted YBa2Cu3O72d single
crystals24 and films,5 which established that the decrease
Tc0 is caused by a decrease of the hole concentration
temperatures approaching the respectiveTc0 from above,rxy
for all samples gradually decreases with decreasingT. Even-

FIG. 1. Temperature dependences of the in-plane Hall resist
rxy ~a! and longitudinal resistivityrxx ~b! between 10 and 300 K fo
samples I–VII. All data were taken atH555 kOe.
e of
of

i-

e

s

f
At

tually, rxy for samples I–IV changes sign. Below the neg
tive maximum,rxy again increases and finally essentia
vanishes. For samples V–VII,rxy continuously decreases t
zero without experiencing the sign reversal aroundTc0 . Our
data shown in Fig. 1~a! thus indicate that the negative Ha
resistivity atH555 kOe is only observed for samples I–I
with values ofTc0 exceeding 72 K. We further note that th
amplitude of the negative maximumurxy

minu also depends on
the oxygen content. Starting fromTc0 of the optimally doped
material, urxy

minu initially increases with decreasingTc0 then
decreases and eventually disappears. This confirms the
reported in Ref. 6, whererxy displays no negative anomal
for YBa2Cu3O72d single crystals withTc0<75 K at any ap-
plied field. A very similar behavior is also observed
La22xSrxCuO4, if the doping is varied by changing the valu
of x,3 suggesting that quite generally the Hall response
high-Tc cuprates in both the superconducting and norm
state strongly depends on the doping level.

Concerning the issue of the sign reversal of the Hall
sistivity in cuprate superconductors, the models for its exp
nation that have been proposed so far have not given
exhaustive description, although numerous attempts h
been made to explain this unexpected phenomenon. It
been suggested, for instance, that the flux pinning in
mixed state may induce a backflow of charge carriers
therefore cause a negative contribution to the Hall voltag10

For YBa2Cu3O72d, it seems established that the pinning p
tential increases with increasingd, i.e., decreasingTc0 .25

Therefore, if the negative Hall resistivity simply arises fro
flux pinning, one expects thaturxy

minu increases with decreas
ing Tc0 . Our data reveal a nonmonotonic dependence
urxy

minu on d, indicating that the pinning strength cannot be t
only reason for the negative Hall anomaly and confirmi
previous arguments in Ref. 15.

Another explanation of the origin of the sign change
the Hall resistivity involves a two-band scenario with bo
electron- and hole-type carriers.26,27 According to Ref. 26,
the electron and hole carriers respond differently to va
tions of the temperature and, naturally, to the magnetic fie
and hence the sign of the Hall resistivity is determined by
competition of these two contributions. Based on this p
ture, the sign reversal of the Hall resistivity is expected to
more pronounced if the hole-carrier concentration of a ho
type superconducting cuprate like YBa2Cu3O72d is reduced.
Since the decrease of oxygen content in YBa2Cu3O72d is
generally considered to lower the hole concentration, our
perimental result is obviously not consistent with this tw
band model over the whole concentration range.

According to our experimental observation, there is
doubt that the sign change of the Hall resistivity is, at le
partially, controlled by the doping level. A model calcul
tion, based on the time-dependent Ginsburg-Landau eq
tion, reveals that the Hall effect in the superconducting flu
tuation regime may be explained as a result of the electr
hole asymmetry near the Fermi level and that the sign of H
conductivity is determined by the sign of]N(0)/]m ~Ref.
28! or ] ln Tc /] ln m,29 whereN(0) is the density of elec-
tronic states at the Fermi level andm is the chemical poten-
tial. Several theoretical groups15–17 found that the Hall con-
ductivity in the fluctuation regime, both above and belo

ty
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13 874 57R. JIN AND H. R. OTT
Tc0 , is the sum of two contributions. Depending on the te
perature regime, the total Hall conductivitysxy may thus be
written as

sxy5sxy
fl 1sxy

n , T.Tc0 , ~1a!

sxy5sxy
s 1sxy

qp5C1 /H1C2•H, T,Tc0 . ~1b!

The first terms on the right-hand side of Eqs.~1a! and ~1b!
are due to the electron-hole asymmetry near the Fermi le
The second terms represent the normal-state Hall condu
ity which, below Tc0 , applies for the quasiparticles in th
vortex cores. The parametersC1 and C2 are field-
independent constants.15,16 In Refs. 15, 17, and 30, the mo
tion of quasiparticles inside the vortex cores has been tre
by regarding a cylinder of material in its normal state, im
plying thatsxy

qp is essentially given bysxy
n . The signs of the

fluctuation-contributed Hall conductivitysxy
fl aboveTc0 and

the Hall conductivitysxy
s in the mixed-state are controlled b

the imaginary partg9 of the order-parameter relaxation tim
which is related to]N(0)/]m.16 The Hall-voltage measure
ments on nearly optimally doped YBa2Cu3O72d ~Refs. 24
and 31! and Bi-based superconducting cuprates32 have
shown that the experimental data at temperatures close a
and below Tc0 can be well described by Eq.~1b!, except in
the low-field regime. The decomposition of these experim
tal data using Eq.~1b! confirms thatC1 is negative and, as
predicted theoretically for hole-doped cuprate supercond
ors,C2 is positive. The negative sign ofC1 eventually leads
to the sign change of the total Hall conductivity. In view
the above-mentioned model calculations,15–17 the negative
sign of C1 implies thatg9.0 or ]N(0)/]m.0. Recently, a
systematic study of the Hall conductivity in La22xSrxCuO4
~Ref. 3! has demonstrated that, belowTc0 , C2 is always
positive and increases monotonically with increasingx at a
fixed T/Tc0,1. However, the sign ofC1 depends on the
doping levelx. It is negative in the under- and slightly ove
doped region but is positive in the heavily overdoped regi
The magnitude ofC1 varies nonmonotonically withx. With
increasingx, C1 initially decreases then increases again.3

In Fig. 2, we emphasize the temperature dependenc
the Hall conductivitysxy'rxy /rxx

2 of YBa2Cu3O72d in a
fixed magnetic field close toTc0 . In order to facilitate the
comparison,sxy is plotted as a function ofT/Tc0 between
0.8 and 1.2. It may be noted that, above about 1.05Tc0 , sxy
is positive for all samples and slightly increases with d
creasingT. Below 1.05Tc0 , sxy for samples V–VII stays
positive and continues to increase with decreasingT. In con-
trast,sxy for samples I–IV decreases and changes sign as
temperature is reduced. In these cases, the negative con
tion to the Hall conductivity is large enough to dominate t
total Hall conductivity just belowTc0 . Considering the
above-mentioned two-component model15–17 and previous
experimental results,2,3,6,24,31,32the dominant negative contri
bution tosxy belowTc0 ought to be attributed to the mixed
state Hall conductivitysxy

s . At a fixed value ofT/Tc0,1,
Fig. 2 shows thatsxy generally decreases from positive
negative then increases with increasingTc0 except for
sample VII. Sincesxy

n increases with increasing hole~oxy-
gen! concentration in the normal state~see Fig. 2! and sxy
varies smoothly through the superconducting transition,
-
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may expect the same general variation ofsxy
qp in the mixed

state. This was indeed verified for La22xSrxCuO4.
3 Our data

shown in Fig. 2 thus imply that, at a fixed relative tempe
ture T/Tc0,1, the magnitude of the negativesxy

s increases
with increasingTc0 except for sample II with the highes
value of Tc0 . Thus the maximum negative contribution
sxy is found for nearly optimally doped material, consiste
with the results obtained for La22xSrxCuO4.

3 This confirms
that also for YBa2Cu3O72d sxy

s depends sensitively on th
oxygen concentration.

B. Normal-state Hall effect

One way to discuss the normal-state Hall response
high-Tc cuprates is offered by comparing the experimen
data with the theoretical model proposed by Anderson.33 In
this model, the temperature dependence of the Hall coe
cient RH in the normal state is predicted to vary as

RH
215AT1B, T.Tc0 . ~2!

Here,A andB are temperature-independent constants. It
been found that Eq.~2! describes the experimental data qu
well over a wide temperature range for the optimally dop
high-Tc materials. In order to test the validity of Eq.~2! for
underdoped materials, we have converted our data show
Fig. 1~a! into RH

215H/rxy . In Fig. 3, we have plotted the
temperature dependences ofRH

21 for samples I–VII. At all
temperatures betweenTc0 and 300 K, the magnitude ofRH

21

decreases with increasing oxygen depletion. For all samp
RH

21 varies approximately linearly withT at temperatures
exceeding a characteristic temperatureT* (d), which in-
creases with decreasing oxygen concentration. Hence

FIG. 2. Temperature dependence of the Hall conductivitysxy as
a function ofT/Tc0 between 0.8 and 1.2 for samples I–VII. All dat
were taken atH555 kOe. The dotted lines are to guide the eye
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57 13 875HALL EFFECT OF YBa2Cu3O72d SINGLE CRYSTALS
T.T* , theRH
21 vs T data may be fitted with Eq.~2! and we

find that the corresponding slopeA decreases from 0.43 t
0.04 kOe/mV cm K asTc0 decreases from 91 to 39 K exce
for sample IV. In contrast, the parameterB generally in-
creases with decreasingTc0 . Thus the suppression ofTc0
results in a suppression of the ‘‘Hall coefficient slope’’A
and an enhancement ofB. Similar correlations were ob
served in Zn-doped YBa2Cu32yZnyO7 ~Ref. 11! and oxygen-
deficient YBa2Cu3O72d thin films.34

For our samples,RH
21 gradually deviates from the linearT

dependence belowT* . As may be seen in the inset of Fig.
to be discussed later, the value ofT* systematically in-
creases with decreasingTc0 . This is in conflict with the re-
sults presented in Refs. 12 and 14, whereT* does not change
with Zn or O doping in YBa2Cu32yZnyO72d, althoughTc0
rapidly decreases with increasingy or d.

Anderson’s model33 is also predictive with respect to th
temperature dependence of the Hall angle. The relev
equation is

cot uH5aT21b, ~3!

where a and the impurity-induced contributionb are
temperature-independent constants. The Hall angleuH may
be obtained from cotuH5rxx/rxy. In Fig. 4, we show plots of
cotuH versusT2 for samples I–VII. For each sample, th
data fall on an approximately straight line in the hig
temperature range and hence our experimental data ma
fitted by using Eq.~3! at high temperatures. As expected, w
find that botha andb are sample dependent. We confirm t
previously demonstrated trend11,12 that the value ofb in-

FIG. 3. Temperature dependence of the inverse Hall coeffic
RH

21 betweenTc0 and 300 K for samples I–VII. The solid lines ar
fits to experimental data aboveT* ~see text! using Eq. ~2! for
sample II and VII, respectively.
nt

be

creases with decreasingTc0 , i.e., with increasing oxygen de
ficiency d, except for sample IV. The value ofa, however,
shows an opposite tendency, consistent with the observa
on thin films of oxygen-deficient YBa2Cu3O72d ~Refs. 5, 34!
and underdoped La22xSrxCuO4.

35 We recall that, for Zn-
doped YBa2Cu32yZnyO72d, a differenta variation withTc0
was observed.11

According to the mentioned model calculation,11,33 the
coefficienta is proportional to the carrier densityn. Our data
thus confirm that the decrease of oxygen content~decreasing
Tc0! not only enhances the defect-scattering manifested
an increasing value ofb, but also reduces the carrier densi
n ~decreasinga!, which coincides with the decrease o
RH

21(T) upon oxygen depletion in the normal state.
Our data and previous observations5,11,34provide support

for the validity of Eq.~3! in a restricted temperature rang
which by itself is material dependent. Similar as in the ca
of RH

21(T), we note a characteristic temperatureT* , below
which cotuH deviates from the simpleT2 dependence.
Again, T* increases asTc0 decreases and we note that t
T* values from both theRH

21(T) and cotuH(T) plots coin-
cide within some uncertainty limits~see the inset of Fig. 5!.
This suggests that the value ofT* is simply a function of the
doping level. Thus, in Fig. 5, we have plotted the sam
dependence ofT* obtained from bothRH

21(T) ~crosses! and
cotuH(T) ~open circles! curves as a function ofRH

21(200 K),
which may be taken as representing the carrier concentra
of the investigated specimens. For comparison, the co
sponding values ofTc0 vs RH

21(200 K) ~solid circles! are
included in Fig. 5. The plots in Fig. 5 clearl

nt FIG. 4. Temperature dependence of the Hall angle cotuH be-
tweenTc0 and 300 K for samples I–VII. The solid lines are fits
experimental data aboveT* using Eq.~3! for sample II and VII,
respectively.
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13 876 57R. JIN AND H. R. OTT
demonstrate that for low doping the distinct decrease ofTc0

with increasingd is complemented by an equally strong e
hancement ofT* . With increasing RH

21(T) or doping,
Tc0(d) andT* (d) gradually approach each other and fina
coincide for nearly optimally doped material. This result is
very good agreement with a previous report in Ref. 4.

In order to relateT* (d) deduced from these Hall-effec
measurements with other experimental observations conc
ing underdoped YBa2Cu3O72d, we consider anomalies in th
temperature dependences of other physical properties
have been reported in the literature and presented in
paper. In view of previous theoretical19,36,37and experimen-
tal work,4,21,22,38the most plausible and most frequently d
cussed scenario for causing the anomalous normal-s
physical properties of cuprates is the scattering of cha
carriers by spin fluctuations in the Cu-O plane. Both NM
~Ref. 21! and neutron-scattering22 ~NS! measurements sug
gest that antiferromagnetic~AF! correlations lead to a spin
gap in the normal state of underdoped superconducting
prates. For YBa2Cu3O72d, Loram and co-workers20 claim to
have found that the electronic specific-heat parameterg is
temperature dependent and exhibits a broad maximum
temperatures aboveTc0 for underdoped material. This max
mum is seen to shift to lower temperatures with increas
oxygen content. The results obtained from NMR and inel
tic neutron-scattering experiments have also been interpr

FIG. 5. Characteristic temperatureT* deduced from both
RH

21(T) ~crosses! and cotuH(T) ~open circles! ~see text! and the
zero-field superconducting transition temperatureTc0 as a function
of RH

21 ~200 K! ~solid circles!. The dotted lines are to guide the ey
The inset shows the dependence ofT* on Tc0 obtained from
RH

21(T) ~crosses!, cotuH(T) ~open circles!, rxx(T) ~open triangles!,
electronic specific heat~solid diamonds!, NMR ~empty diamonds!,
and neutron scattering~solid triangles!.
rn-
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as to reveal the onset of a gap formation in the sp
excitation spectrum of YBa2Cu3O72d with varying oxygen
concentration.21,22 Likewise, measurements of the in-plan
electrical resistivity,4,5 optical spectroscopy,39 and
Raman-scattering40 experiments reveal anomalies in the no
mal state of YBa2Cu3O72d samples. As may be seen in Fi
1~b!, the temperature variation of ourrxx data is close to
linear for all samples at high temperatures. Deviations fr
this behavior are again observed at temperatures belowT* .
For samples I–V,rxx(T) decreases faster belowT* than
above. This is not true for the two samples with the low
values of Tc0 . The trend towards an increasingrxx with
decreasingT is most likely due to an interfering contributio
of thec-axis resistivity, which is increasingly nonmetallic i
the normal state of heavily underdoped YBa2Cu3O72d.

4 Our
data confirm the previously published claim4,5 of an increase
of T* , as deduced fromrxx(T), with decreasing oxygen
content, i.e.,Tc0 . The comparison of ourT* values with
those derived from the unusual normal-state behavior of
electronic specific heat, NMR data, and results of neutr
scattering experiments are shown in the inset of Fig. 5.
note that the values ofT* obtained from a variety of inves
tigations on many different samples show the same gen
trend of increase with decreasing doping level. This sugg
that all the reported anomalies of the normal state are of
same origin, depending on the oxygen doping level
YBa2Cu3O72d.

Theoretically, Nagaosa and Lee36 predict that the pair-
formation temperatureTD of spinons and the spin pseudoga
Ds}AuT2TDu decrease with increasing hole concentratio
and thatTD.Tc0 for underdoped materials. Thus, we expe
that the spin gap, for YBa2Cu3O72d, decreases with increas
ing oxygen concentration and finally disappears for fu
oxygenated material. As mentioned above, evaluations of
electronic specific heat,20 and observations in NMR,21

Raman,40 and optical conductivity measurements39 have
demonstrated this trend. In view of the evidence accumula
in the present study, we conclude that also the Hall-eff
data provide further support for this view. For nearly op
mally doped samples,T* virtually coincides withTc0 and in
this case the deviations ofRH(T) and cotuH(T) are most
likely due to superconducting fluctuation effects that a
taken into account by Eq.~1a! and have been discusse
earlier.2,15 WhetherT* really marks the onset of a spinon
pair formation cannot unambiguously be concluded from
results presented above.

IV. SUMMARY AND CONCLUSION

In summary, we have made a systematic study of the H
effect of YBa2Cu3O72d single crystals with varying carrie
concentrations and hence different values ofTc0 . The quan-
tities related with the Hall effect are very sensitive to t
oxygen content in both the mixed and the normal state. T
sign of the Hall conductivity belowTc0 is most likely deter-
mined by details of the electronic structure at the Fer
level, which obviously varies with the itinerant carrier co
centration. In the normal state, bothRH

21(T) and cotuH(T)
show simple temperature dependences at high tempera
but deviate considerably from this behavior belowT* ,
wherebyT* increases with decreasing oxygen content. T
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T* values derived from these Hall data are consistent w
crossover temperatures that have been evaluated from o
normal-state properties of underdoped YBa2Cu3O72d, and
have been claimed to mark the onset of a gap for spin e
tations.
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