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Temperature dependence of the Hall effect in single-layer and bilayer B&r,Ca,_,Cu,O, thin
films at various oxygen contents
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The Hall coefficientRy(T) is studied in epitaxiat-axis-oriented single-layer Bsr, gLa, ,CuQ, and bilayer
Bi,Sr,CaCyO, thin films at various oxygen concentrations going from overdoped to underdoped. In both
phases, the Hall angle obeys the I8 CT* (1.65<a=<2), with « increasing with decreasing oxygen
content, yielding &2 dependence only in the underdoped region. The temper&guelow which an upward
deviation from this law occurs is compared to the pseudogap tempeftudeduced from resistivity(T).

The manifestation of the pseudogap opening in the Hall effect is discussed.

The evolution of the electronic properties of cuprates withcontact pads. The in-plane resistivity was measured using a
hole doping and the pseudogap phenomena observed in tlde standard four-probe method at different oxygen doping
underdoped regidnare intensively studied to understand levels. The Hall coefficienR,, was measured using a classi-
their normal-state properties, generally considered to beal field inversion technique under a magnetic field of 1 T
closely related to the superconducting mechanism. The tenparallel to thec axis of the film. We checked at room tem-
perature dependence of the Hall coeffici€yf (Ref. 2 is  perature, up to 20 T, tha&Ry, is independent of the applied
one of the unusual properties of the normal state of Aigh- magnetic field. The oxygen content of a given sample was
superconductors. The Hall angle, defined by &ptp/RyH  changed by repeated annealing treatments in a controlled at-
where H is the magnetic field angh the resistivity, was mosphere going from a maximally overdoped stgfg(R
shown to present a simpler temperature behavior Rarr =0)=13K for Bi(La)-2201 andT.(R=0)=50K for Bi-
However, subsequent detailed experimental studies d2212] to strongly underdoped nonsuperconducting states
cotéy(T) at various doping revealed a more complicated(T.=0).* We verified that the transport properties of the
behaviof° than the previously reported Fermi-liquid-lik€¢  states obtained in this way are fully reproducible. The num-
dependencé It was also shown that, above a characteristicber of holes per Cip, is evaluated from the phenomenologi-
temperaturd , the Hall angle obeys a power lali¥ with @ cal law T,=T . 1—82.6(p—0.16)].2
decreasing from 2 with increasing carrier concentrafidn. The resistivity data for such Bi-2212 and (Ba)-2201
MoreoverT, is considered by some authors as the characteithin films, spanning a wide range of doping levels, are pub-
istic temperature below which the pseudogap affects the Hallshed elsewheré! Briefly, the overdoped states can be de-
angle? in contrast with reports noting that the pseudogapscribed by a phenomenological law of the forp=p,
affects selectively the in-plane resistivity and leaves un-+AT™", with the exponenim decreasing from its maximal
changed the Hall angf€. valuem,,,,=1.3 to 1 corresponding to the optimal stafe, (

Here, we present a systematic study of the temperature T¢,.). In the underdoped region, a pseudogap opens in
dependence of the Hall coefficient and of the Hall angle fromthe electron excitation spectra, which causes a downward
maximally overdoped to strongly underdoped nonsupercondeviation of the resistivity from its higfi-linear behavior. In
ducting states measured on epitaxdadxis oriented single- the strongly underdoped region localization effects occur and
layer BipSh ¢dlag,CuQ, and bilayer BjSr,CaCyO, thin  compete with pseudogap effect.
films. In both cases, the temperature regide(T,) where The behavior of the Hall coefficief®y vs T from a maxi-
cot 4, obeys a law of the fornB+ CT* is determined and its mally overdoped state up to a strongly underdoped state
low-temperature limitT, is compared with the pseudogap (T.=0) is shown in Fig. {a) for Bi(La)-2201 and Fig. (b)
temperatureT* determined previously from the in-plane for Bi-2212 thin films. For both phases, the curves(T)
resistivity 1! show a maximum af =T, for all doping levels. In the

The samples are c-axis-oriented epitaxial overdoped region, the values of the characteristic tempera-
Bi,Sn ¢Lay 4CuQ, [Bi(La-2201] and BipSr,CaCyO, (Bi-  ture T, are smaller for BiLa)-2201 than for Bi-2212 due
2212 thin films, grown by rf magnetron sputterifgwith  to very differentT, values and they both increase with re-
thickness ranging from 1000 to 2000 A. The partial substi-ducing carrier concentration. In the underdoped region,
tution of Sr by La in BjSr,_,La,CuQ, increases the maxi- values of both phases are very similar and alnTostdepen-
mal critical temperature, Tona from 18 K for  dent with T, 5,135+ 10 K.

Bi,Sr,CuQ, (x=0) to 30 K forx=0.4 and enlarges the un- In order to compare the Hall effect for both phases, we
derdoped region. Besides, the lowgr, ., value of BiLa)-  show in Fig. 2a), for a variety of samples, the doping de-
2201 compared to that of Bi-2212 allows us to study thependence of the quantifg,eN/V, inversely proportional to
normal state in a wider temperature range. The films wer¢he Hall number per Cu, whel¢ is the number of Cu atoms
patterned into a stripline equipped with six gold sputteredper unit cell of volumeV and e the electronic charge. The
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FIG. 1. Temperature dependence ¢f fr (a) Bi(La)-2201 and
(b) Bi-2212 thin films at different doping levels from maximally 5 'OIS . ll -1'5 o Il — -
overdoped to strongly underdoped stat&s=£0). The results for T (104 K T (104 K%) T (104 K9
the Bi(La)-2201 phase are obtained from one film, while the results
for the Bi-2212 phase are obtained from three different films: one FIG. 3. The evolution of cof, vs T* for some characteristic
optimally doped p=0.16), one underdopedp&0.12), and one doping states ofa) Bi(La)-2201 and(b) Bi-2212 thin films. The
film in various doping statesp(=0.23, 0.09, 0.07, 0.06, and 005 continuous lines show the curve fit to a phenomenological Baw

+CT* with deviation from this behavior &k, (see arrows

systematic increase @&y with decreasing oxygen contents
observed for both phases indicates a decrease of carrier num- Figure 3 shows the evolution of cét(T) for three typical
bers of the order of 4 at room temperature between the twdoping levels for(a) Bi-(La)-2201 and(b) Bi-2212 films. It
extreme states. It is in good agreement with the decreagse ofappears that the previously foufid law can describe only
from 0.22 to 0.05. This result indicates that the Hall numberthe strongly underdoped statgs<(0.10) while, for largemp
per Cu is proportional to the calculated number of holes pevalues, cot, obeys a phenomenologicaf’ law from 300 K
Cu, p, the factor of proportionality being of the order of 4. down to a characteristic temperatufg (marked by arrows

Note also that the absolute magnitudesRpe N/V for both

with « less than 2.

phases agree reasonably well with the values found in Importantly for both phases, the exponenexhibits the

Bi,Sr; gilag 3fCUQs, 5 Single crystals as well as in Y-Ba-

same doping dependence. It decreases linearly from the

Cu-O and La-Sr-Cu-O compounds, as reported in Ref. 14value 2 to the value 1.65—1.7 for the most overdoped state
The dispersion of~20% between the values of the two [Fig. 4(a)]. The large error bars for strongly underdoped
phases(Fig. 20 comes mainly from the incertitude in geo- states are shown in the same figure to indicate a possible
metrical parameters as thickness and width of the sampleslescription with an exponent larger than 2, as it was re-

Moreover, the temperature dependenceRQEN/V, shown
for optimally doped statefFig. 2(b)] for both phases, pre-
sents a very similar behavior far>120 K, while the differ-
ence seen at low temperature comes from the higheealue
of the Bi-2212 phase as indicated above.
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FIG. 2. The values oR,eN/V as a function of(a) doping at

ported previously in the case of the,Br; »d-8y7/CUGs . 5
single crystal ¢=2.05) (Ref. 15 and the YBaCu;Og g3
compound @=2.15) 1 The doping dependence df, is
shown in Fig. 4b). In both phases, the characteristic tem-
peratureT, increases with decreasing doping in a similar
way in the underdoped region where it becomes comparable
for Bi-2212 and B{La)-2201. In the overdoped regiomy is
smaller in B{La)-2201 than in Bi-2212, which is related to
the difference in their critical temperatures. The decrease of
T, is obstructed in the overdoped region by the vicinity of
the superconducting state whefg becomes of the same
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FIG. 4. The doping dependence for both phase®&)athe expo-

room temperature antb) temperature for optimally doped states nenta and of(b) the characteristic temperatufg (the dashed line

for Bi(La)-2201 and Bi-2212 thin films.
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1/T dependence ofR, is associated with pseudogap
opening® Here there is no clear T/dependence iRy (T) in

the highT region due to the presence of constant terms in
p(T) and in cotfy, the latter seen in Fig. 3. A recent com-
parison between the different cuprate families reveals very
similar temperature dependence B,eN/V except for
Y-Ba-Cu-O sampled? This fact can indicate that the differ-
ent behavior ofRy(T) for Y-Ba-Cu-O and in particular its

r p=0.161 [ 1 change of slope is more possibly related to the properties of
I , 1F . - the CuO chains which are only present in this compound.
L 1131I(L‘a)‘-2|2f)1l T 331I(Lla?-2|2I01‘ ] In addition to discuss further the meaning of the charac-
0 100 200T (K§00 100 20% (K)300 teristic temperaturd@,, we consider the hypothetical expres-

sion of Ry in the case where c@é}; would continue to
FIG. 5. Hypothetical behaviors of the Hall coefficient given by change ag“ down toT.. In Fig. 5b), the continuous lines

(@ Ry=(po+AT)/H cot b, (dotted lineg and (b) Ry=p(T)/H(A  represent the variation d®,=p(T)/(B+CT*), where we

+BT%) (continuous lines and Ry~T/T* for “ideal samples” take now the experimental behavior of the resistivity. A good

(dashed linesfor the optimally doped and underdoped states showragreement with the data is obtained abdyewith a maxi-

in Fig. 1(a). mum of Ry present for the states near optimum. As noted

above, there is no clear correlation between the two tempera-

order of magnitude ag,. The fact that we hav@ 501 turesT, and T, We emphasize also that if we consider

<T¢2212 allows one to follow the nearly linear decrease ofjust a law for an “ideal” sample without residual resistivity

To(p) down to lower temperatures. In addition, it has to beand residual Hall angle the experimental results cannot be

remarked thaT y is smaller tharT*, determined by resistiv- described at alsee dashed lines in the same figuréhe

ity measurementssee below Fig.  and we underline that same kind of analysis and the above-discussion are also valid

there is no change in the Hall angle®t (see Fig. 3. for Bi-2212 phase.

The above results indicate that tA& law of the Hall Finally, this characteristic temperatufg was associated
scattering rate is systematically violated in overdoped angbreviously with the lower characteristic temperature for the
optimally doped regions. Diffusion by spin excitatiofspi- pseudogap and with the characteristic temperatures deduced

nong with a Fermi-liquid-like T? relaxation rate, predicted from NMR relaxation rate and angle-resolved photoemission
in the model of Andersofican explain the experimental data spectroscopy measuremefifS.Recent comparisons between
only in the underdoped region. To take into account the dethe different experiments on the Bi-2212 phase have re-
crease of exponent one must introduce a scattering source,vealed thatT* values determined from in-plane resistivity
which changes with doping level. On the other hand, oumeasurements agree well with those deduced from ARPES
results are not incompatible with the scenarios which conand NMR relaxation ratés'® and asT, is considerably
sider a strongly anisotropic relaxation time as in the hot spotower thanT* it cannot be identified with the latter. Besides,
model’ allowing more complicated temperature depen-we note thafl, and the temperature of the inflection point in
dence, although until now to our knowledge there are ng(T) (T,~0.5T*) in the underdoped region show similar
theories which explain the monotonic decrease of exponerdoping dependence(although between 20 and 30%
a with increasing doping. Note that, for practical purposessmalley.t*
the value ofa [with a~2.25—-2.7, given by the dashed In conclusion, we have analyzed the evolution of the tem-
line in Fig. 4a)] can be used to characterize the doping levelperature dependence of Hall coefficients and Hall angles
of Bi-2212 and BjLa)-2201 phases. with doping in the normal state of single-layer and bilayer
As to the characteristic temperatufg, it was also con-  Bi,Sr,Cg,_;Cu,0, thin films (n=1,2). The behavior of the
sidered in a recent study as the temperature where the psedall effect is very similar in these two phases with only a
dogap appears in the Hall effect and it was related to thelifference in the overdoped region coming from their differ-
temperature wher®(T) is maximum® In order to check ent critical temperatures. While the Hall coefficient shows
this idea we have examined the hypothetical behavior of theather complicated behavior Vi§ the cotangent of the Hall
Hall coefficientRy for Bi(La)-2201 in the absence of the angle can be described by a simple phenomenological ex-
pseudogap effect observed in the temperature dependencepkssiorB+ CT“. The exponenk equal to 2 in the strongly
resistivity!! In Fig. 5(a) the dotted line represents the varia- underdoped region decreases with increasing doping to the
tion of Ry=(po+AT)/H cotéy, where pg+AT describes value 1.65 in the overdoped region. We have established the
the highT linear behavior ofp(T) reported in a previous temperature and doping range wherdZabehavior is ob-
article!! The deviation between this line and our data occursserved. Moreover, no evidence of a pseudogap opening is
atT*. It can be seen that the maximum is still present in thisdirectly seen in the temperature dependence of the Hall angle
hypothetical behavior. The characteristic temperalygis  at the temperatur&*, determined from resistivity measure-
shifted to lower temperatures, but is not necessarily conments. The signature of pseudogap behaviodT) pro-
nected to the characteristic temperatiiigor to the pseu- posed afl (Ref. 9 is not obvious. It is shown thak, is not
dogap effect. Moreover, we can conclude that the pseudogagprrelated withT,,.,, determined from the maximum of
opening afl* reducesRy below this temperature. Note that Ry(T). Finally, these systematic results over a wide region
the opposite effect was reported in previous studies on Y-Baef doping will be useful to test the various theories attempt-
Cu-O compounds where a loWwupward deviation from the ing to give a complete picture of the normal state properties.
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