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Temperature dependence of the Hall effect in single-layer and bilayer Bi2Sr2CanÀ1CunOy thin
films at various oxygen contents
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~Received 27 July 2000!

The Hall coefficientRH(T) is studied in epitaxialc-axis-oriented single-layer Bi2Sr1.6La0.4CuOy and bilayer
Bi2Sr2CaCu2Oy thin films at various oxygen concentrations going from overdoped to underdoped. In both
phases, the Hall angle obeys the lawB1CTa (1.65<a<2), with a increasing with decreasing oxygen
content, yielding aT2 dependence only in the underdoped region. The temperatureT0 below which an upward
deviation from this law occurs is compared to the pseudogap temperatureT* deduced from resistivityr(T).
The manifestation of the pseudogap opening in the Hall effect is discussed.
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The evolution of the electronic properties of cuprates w
hole doping and the pseudogap phenomena observed in
underdoped region1 are intensively studied to understan
their normal-state properties, generally considered to
closely related to the superconducting mechanism. The t
perature dependence of the Hall coefficientRH ~Ref. 2! is
one of the unusual properties of the normal state of highTc

superconductors. The Hall angle, defined by cotuH5r/RHH
where H is the magnetic field andr the resistivity, was
shown to present a simpler temperature behavior thanRH .3

However, subsequent detailed experimental studies
cotuH(T) at various doping revealed a more complicat
behavior4,5 than the previously reported Fermi-liquid-likeT2

dependence.6 It was also shown that, above a characteris
temperatureT0 , the Hall angle obeys a power lawTa with a
decreasing from 2 with increasing carrier concentration7,8

MoreoverT0 is considered by some authors as the charac
istic temperature below which the pseudogap affects the
angle,9 in contrast with reports noting that the pseudog
affects selectively the in-plane resistivity and leaves
changed the Hall angle.10

Here, we present a systematic study of the tempera
dependence of the Hall coefficient and of the Hall angle fr
maximally overdoped to strongly underdoped nonsuperc
ducting states measured on epitaxialc-axis oriented single-
layer Bi2Sr1.6La0.4CuOy and bilayer Bi2Sr2CaCu2Oy thin
films. In both cases, the temperature region (T>T0) where
cotuH obeys a law of the formB1CTa is determined and its
low-temperature limitT0 is compared with the pseudoga
temperatureT* determined previously from the in-plan
resistivity.11

The samples are c-axis-oriented epitaxia
Bi2Sr1.6La0.4CuOy @Bi~La-2201!# and Bi2Sr2CaCu2Oy ~Bi-
2212! thin films, grown by rf magnetron sputtering,12 with
thickness ranging from 1000 to 2000 Å. The partial sub
tution of Sr by La in Bi2Sr22xLaxCuOy increases the maxi
mal critical temperature, Tcmax, from 18 K for
Bi2Sr2CuOy (x50) to 30 K for x50.4 and enlarges the un
derdoped region. Besides, the lowerTcmax value of Bi~La!-
2201 compared to that of Bi-2212 allows us to study
normal state in a wider temperature range. The films w
patterned into a stripline equipped with six gold sputte
PRB 620163-1829/2000/62~18!/11989~4!/$15.00
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contact pads. The in-plane resistivity was measured usin
dc standard four-probe method at different oxygen dop
levels. The Hall coefficientRH was measured using a class
cal field inversion technique under a magnetic field of 1
parallel to thec axis of the film. We checked at room tem
perature, up to 20 T, thatRH is independent of the applie
magnetic field. The oxygen content of a given sample w
changed by repeated annealing treatments in a controlle
mosphere going from a maximally overdoped state@Tc(R
50)513 K for Bi~La!-2201 andTc(R50)550 K for Bi-
2212# to strongly underdoped nonsuperconducting sta
(Tc50).11 We verified that the transport properties of th
states obtained in this way are fully reproducible. The nu
ber of holes per Cu,p, is evaluated from the phenomenolog
cal law Tc5Tcmax@1282.6(p20.16)2#.13

The resistivity data for such Bi-2212 and Bi~La!-2201
thin films, spanning a wide range of doping levels, are p
lished elsewhere.11 Briefly, the overdoped states can be d
scribed by a phenomenological law of the formr5r0
1ATm, with the exponentm decreasing from its maxima
valuemmax51.3 to 1 corresponding to the optimal state (Tc
5Tcmax). In the underdoped region, a pseudogap opens
the electron excitation spectra, which causes a downw
deviation of the resistivity from its high-T linear behavior. In
the strongly underdoped region localization effects occur
compete with pseudogap effect.

The behavior of the Hall coefficientRH vs T from a maxi-
mally overdoped state up to a strongly underdoped s
(Tc50) is shown in Fig. 1~a! for Bi~La!-2201 and Fig. 1~b!
for Bi-2212 thin films. For both phases, the curvesRH(T)
show a maximum atT5Tmax for all doping levels. In the
overdoped region, the values of the characteristic temp
ture Tmax are smaller for Bi~La!-2201 than for Bi-2212 due
to very differentTc values and they both increase with r
ducing carrier concentration. In the underdoped region,Tmax
values of both phases are very similar and almostT indepen-
dent withTmax;135610 K.

In order to compare the Hall effect for both phases,
show in Fig. 2~a!, for a variety of samples, the doping de
pendence of the quantityRHeN/V, inversely proportional to
the Hall number per Cu, whereN is the number of Cu atoms
per unit cell of volumeV and e the electronic charge. The
R11 989 ©2000 The American Physical Society
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systematic increase ofRH with decreasing oxygen conten
observed for both phases indicates a decrease of carrier
bers of the order of 4 at room temperature between the
extreme states. It is in good agreement with the decreasep
from 0.22 to 0.05. This result indicates that the Hall numb
per Cu is proportional to the calculated number of holes
Cu, p, the factor of proportionality being of the order of
Note also that the absolute magnitudes ofRHeN/V for both
phases agree reasonably well with the values found
Bi2Sr1.61La0.39CuO61d single crystals as well as in Y-Ba
Cu-O and La-Sr-Cu-O compounds, as reported in Ref.
The dispersion of;20% between the values of the tw
phases~Fig. 2! comes mainly from the incertitude in geo
metrical parameters as thickness and width of the samp
Moreover, the temperature dependence ofRHeN/V, shown
for optimally doped states@Fig. 2~b!# for both phases, pre
sents a very similar behavior forT.120 K, while the differ-
ence seen at low temperature comes from the higherTc value
of the Bi-2212 phase as indicated above.

FIG. 1. Temperature dependence of RH for ~a! Bi~La!-2201 and
~b! Bi-2212 thin films at different doping levels from maximall
overdoped to strongly underdoped states (Tc50). The results for
the Bi~La!-2201 phase are obtained from one film, while the resu
for the Bi-2212 phase are obtained from three different films: o
optimally doped (p50.16), one underdoped (p50.12), and one
film in various doping states (p50.23, 0.09, 0.07, 0.06, and 0.05!.

FIG. 2. The values ofRHeN/V as a function of~a! doping at
room temperature and~b! temperature for optimally doped state
for Bi~La!-2201 and Bi-2212 thin films.
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Figure 3 shows the evolution of cotuH(T) for three typical
doping levels for~a! Bi-~La!-2201 and~b! Bi-2212 films. It
appears that the previously foundT2 law can describe only
the strongly underdoped states (p,0.10) while, for largerp
values, cotuH obeys a phenomenologicalTa law from 300 K
down to a characteristic temperatureT0 ~marked by arrows!
with a less than 2.

Importantly for both phases, the exponenta exhibits the
same doping dependence. It decreases linearly from
value 2 to the value 1.65–1.7 for the most overdoped s
@Fig. 4~a!#. The large error bars for strongly underdop
states are shown in the same figure to indicate a poss
description with an exponenta larger than 2, as it was re
ported previously in the case of the Bi2Sr1.26La0.74CuO61d
single crystal (a52.05) ~Ref. 15! and the YBa2Cu3O6.63
compound (a52.15).16 The doping dependence ofT0 is
shown in Fig. 4~b!. In both phases, the characteristic tem
peratureT0 increases with decreasing doping in a simi
way in the underdoped region where it becomes compar
for Bi-2212 and Bi~La!-2201. In the overdoped region,T0 is
smaller in Bi~La!-2201 than in Bi-2212, which is related t
the difference in their critical temperatures. The decrease
T0 is obstructed in the overdoped region by the vicinity
the superconducting state whereT0 becomes of the sam

s
e FIG. 3. The evolution of cotuH vs Ta for some characteristic
doping states of~a! Bi~La!-2201 and~b! Bi-2212 thin films. The
continuous lines show the curve fit to a phenomenological lawB
1CTa with deviation from this behavior atT0 ~see arrows!.

FIG. 4. The doping dependence for both phases of~a! the expo-
nenta and of~b! the characteristic temperatureT0 ~the dashed line
is a guide to the eye!.
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order of magnitude asTc . The fact that we haveTc2201
,Tc2212 allows one to follow the nearly linear decrease
T0(p) down to lower temperatures. In addition, it has to
remarked thatT0 is smaller thanT* , determined by resistiv-
ity measurements~see below Fig. 5!, and we underline tha
there is no change in the Hall angle atT* ~see Fig. 3!.

The above results indicate that theT2 law of the Hall
scattering rate is systematically violated in overdoped
optimally doped regions. Diffusion by spin excitations~spi-
nons! with a Fermi-liquid-likeT2 relaxation rate, predicted
in the model of Anderson,3 can explain the experimental da
only in the underdoped region. To take into account the
crease of exponenta one must introduce a scattering sourc
which changes with doping level. On the other hand,
results are not incompatible with the scenarios which c
sider a strongly anisotropic relaxation time as in the hot s
model17 allowing more complicated temperature depe
dence, although until now to our knowledge there are
theories which explain the monotonic decrease of expon
a with increasing doping. Note that, for practical purpos
the value ofa @with a;2.25p– 2.7p, given by the dashed
line in Fig. 4~a!# can be used to characterize the doping le
of Bi-2212 and Bi~La!-2201 phases.

As to the characteristic temperatureT0 , it was also con-
sidered in a recent study as the temperature where the p
dogap appears in the Hall effect and it was related to
temperature whereRH(T) is maximum.9 In order to check
this idea we have examined the hypothetical behavior of
Hall coefficient RH for Bi~La!-2201 in the absence of th
pseudogap effect observed in the temperature dependen
resistivity.11 In Fig. 5~a! the dotted line represents the vari
tion of RH5(r01AT)/H cotuH , where r01AT describes
the high-T linear behavior ofr(T) reported in a previous
article.11 The deviation between this line and our data occ
at T* . It can be seen that the maximum is still present in t
hypothetical behavior. The characteristic temperatureTmax is
shifted to lower temperatures, but is not necessarily c
nected to the characteristic temperatureT0 or to the pseu-
dogap effect. Moreover, we can conclude that the pseudo
opening atT* reducesRH below this temperature. Note tha
the opposite effect was reported in previous studies on Y-
Cu-O compounds where a low-T upward deviation from the

FIG. 5. Hypothetical behaviors of the Hall coefficient given
~a! RH5(r01AT)/H cotuH ~dotted lines! and ~b! RH5r(T)/H(A
1BTa) ~continuous lines! and RH;T/Ta for ‘‘ideal samples’’
~dashed lines! for the optimally doped and underdoped states sho
in Fig. 1~a!.
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1/T dependence ofRH is associated with pseudoga
opening.5 Here there is no clear 1/T dependence inRH(T) in
the high-T region due to the presence of constant terms
r(T) and in cotuH , the latter seen in Fig. 3. A recent com
parison between the different cuprate families reveals v
similar temperature dependence ofRHeN/V except for
Y-Ba-Cu-O samples.14 This fact can indicate that the differ
ent behavior ofRH(T) for Y-Ba-Cu-O and in particular its
change of slope is more possibly related to the propertie
the CuO chains which are only present in this compound

In addition to discuss further the meaning of the char
teristic temperatureT0 , we consider the hypothetical expre
sion of RH in the case where cotuH would continue to
change asTa down toTc . In Fig. 5~b!, the continuous lines
represent the variation ofRH5r(T)/(B1CTa), where we
take now the experimental behavior of the resistivity. A go
agreement with the data is obtained aboveT0 with a maxi-
mum of RH present for the states near optimum. As not
above, there is no clear correlation between the two temp
turesT0 and Tmax. We emphasize also that if we consid
just a law for an ‘‘ideal’’ sample without residual resistivit
and residual Hall angle the experimental results cannot
described at all~see dashed lines in the same figure!. The
same kind of analysis and the above-discussion are also v
for Bi-2212 phase.

Finally, this characteristic temperatureT0 was associated
previously with the lower characteristic temperature for t
pseudogap and with the characteristic temperatures ded
from NMR relaxation rate and angle-resolved photoemiss
spectroscopy measurements.9,15Recent comparisons betwee
the different experiments on the Bi-2212 phase have
vealed thatT* values determined from in-plane resistivi
measurements agree well with those deduced from ARP
and NMR relaxation rates11,18 and asT0 is considerably
lower thanT* it cannot be identified with the latter. Beside
we note thatT0 and the temperature of the inflection point
r(T) (T1;0.5T* ) in the underdoped region show simila
doping dependence~although between 20 and 30 %
smaller!.11

In conclusion, we have analyzed the evolution of the te
perature dependence of Hall coefficients and Hall ang
with doping in the normal state of single-layer and bilay
Bi2Sr2Can21CunOy thin films (n51,2). The behavior of the
Hall effect is very similar in these two phases with only
difference in the overdoped region coming from their diffe
ent critical temperatures. While the Hall coefficient sho
rather complicated behavior vsT, the cotangent of the Hal
angle can be described by a simple phenomenological
pressionB1CTa. The exponenta equal to 2 in the strongly
underdoped region decreases with increasing doping to
value 1.65 in the overdoped region. We have established
temperature and doping range where aT2 behavior is ob-
served. Moreover, no evidence of a pseudogap openin
directly seen in the temperature dependence of the Hall a
at the temperatureT* , determined from resistivity measure
ments. The signature of pseudogap behavior inuH(T) pro-
posed atT0 ~Ref. 9! is not obvious. It is shown thatT0 is not
correlated withTmax, determined from the maximum o
RH(T). Finally, these systematic results over a wide reg
of doping will be useful to test the various theories attem
ing to give a complete picture of the normal state propert
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