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Normal-state Hall effect in HgBa,CaCu,0¢.. s and TIBa,CaCu,0O,_ 5
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The normal-state Hall effect is studied in thin-film samples of the isomorphic pair of superconductors
HgBa,CaCuyOg ., s (Hg-1212 and TIBgCaCyO,_ ;s (TI-1212). A comparison of the slopes of inverse Hall
mobility H cot 6,(T?), together with a comparison of characteristic temperaftind . below which there is a
systematic deviation fronT?, suggests that Hg-1212 hawice the charge-carrier density of TI-1212 for
samples with close to optimdl,. This is attributed to the significant role played by the redistribution of
oxygen as a result of exchanging Hg and Tl cations.
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[. INTRODUCTION whereB is the applied fieldkg the Boltzmann constanty
=h/e the flux quantumW; the bandwidth for the spin-spin

The Hall effect in high-temperature superconductorsscattering, anch the two-dimensional carrier density. The
(HTS’s) in the normal state could be critical in revealing the temperature-independent terfhis due to scattering from
mechanism of high-temperature superconductivity. It probesnagnetic impurities in the material.
the behavior of the material’s electronic structure in general Part of the difficulty in explaining normal-state transport
and charge-carrier densities and scattering mechanisms properties is the complexity of the species involved. Al-
particular. For this reason, studies of the normal-state Halihough similar temperature dependence has been reported for
effect have been conducted ever since the discovery of higlthe Hall angles of most HTS's the coefficients in Ed)
temperature superconductivity more than a decade' @go. differ from system to system and sometimes even differ from
decade later, there is still no consensus as to the explanati@ample to sample, indicating that various microstructural de-
of the observed behavior. Among these results the most fdects may affect interpretation of the Hall effect in HTS's.
mous is the existence of a temperature-squared dependentlis makes it difficult to extract information about the intrin-
in the cotangent of the Hall angle, i.e., @&tT2 where sic properties of electronic structures and charge-carrier den-
cotdy is the ratio of longitudinal resistivity with transverse Sities in the material from the Hall-effect study.
resistivity, or pxy/pxy - We recently studied the normal-state Hall effect in

To explain the unconventional Hall effect in HTS’s many HgB&CaCyOg, s (Hg-1212 and TIBgCaCyO;_ s (TI-
models have been proposed, such as magnetic skeh21? that were synthesized in a special cation-exchange
scattering®! multiple bands, models in support of a spin gapprocess, the details of which have been reported previdusly.
or pseudogaﬁ, and even temperature-dependent chargeln this process, an epitaxial Hg-1212 film was obtained from
carrier density. Anderson’s Luttinger-liquid modeseems to ~ an epitaxial TI-1212 film via TI-Hg cation exchange at an
be the most popularly supported by various studies. In thigtomic scale. A unique merit of this process is that the Hg-
model the longitudinal and transverse directions are gov1212 films have nearly identical microstructures as their TI-
erned by two different mechanisms and thus two differentl212 precursor films. It should be realized that Hg-1212 and
relaxation times due to spin-charge separation in the Cu-a1-1212 have an identical crystal structure but their critical
planes. Longitudinal scattering is governed by holon-spinotemperaturesT;) differ by 30 K as a result of the exchang-
interactions, with a relaxation time following a line@rde-
pendence; transverse scattering is governed by spinon-spinon TagLE I. Properties of thin films used in the Hall-effect studies.
interactions, with a relaxation time following-aT? depen-  Hg-1212 films are 2000-A thick; TI-1212 are 1800-A thick.
dence. Thus the longitudinal resistivipy, has a~T depen-

dence and cdiy,~T? resulting in ny~cotfy/p,~T. In Sample Material T, (K) X (mm) Y (mm)
particular®
Hg (1) Hg-1212 120 0.6 2.6
Hg (2) Hg-1212 118 0.6 2.6
(e =522 | 2 p M@ Tume s os 26
cotfy= = n|T<+p3, - . )
H WcTH WgB P @
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ing of Hg and TI cations. Hg-1212 hasTa near 125 K and 1212 samples were made using the cation-exchange method
TI-1212, 90 K. Evidenc®’ shows that these two species aredescribed in detail elsewhefén this process, TI-1212 films
highly isomorphic under this cation exchange. For exampleare used as a precursor by which Tl cations are replaced by
the irreversibility fields H;,,) of Hg-1212 and TI-1212 were Hg cations, thus ensuring the retention of the “1212" struc-
found to coincide at a reduced temperatuféT) scale® ture while cations are exchanged. This retention has been
SinceH,, is sensitively determined by the anisotropy of theverified by Rutherford backscattering spectroscopy and
electronic structure, one may speculate that the two systemsray-diffraction pole figures, and the process has proven
have similar, if not identical, electronic structure. Therefore,highly reproducible in fabricating films of high quality. The
the W, factor in Eq.(1) is expected to be the same for the TI-1212 samples were made using a closed-crucible process,
two species. This is to say that replacement of Tl cationsvhich has been highly reproducible in producing films of
with Hg cations may only affect the number of charge carri-good grain connectivity and purity, as described in detail
ers in the TI-O Hg-O planes that serve as the charge reservoiisewheré.

for the Cu-O planes. Since Tl and Hg cations have different Longitudinal and transverse voltages were measured by a
valences, the oxygen distribution in this reservoir planenanovoltmeter using a five-point Hall configuration. Silver
would be different in TI-1212 and Hg-1212. In fact, stoichio- contact pads were sputtered onto the film and Pt wire leads
metric Hg-1212 ¢=0) has no oxygen in its Hg-O layer, were secured to the pads using PELCO 415 conductive silver
while for stoichiometric TI-1212 §=0) the TI-O layer is paste, producing a noise level well within 10 nV, which cor-
full of oxygen (one per layer Under such an assumption, responds to resistivity readings on the order of Qam.

the behavior of coly under identical conditions would differ Voltage was measured at opposite currents and then aver-
solely due to charge-carrier density since the ratio of aged, with the current cycling at about 1/6 Hz. The sample
slopes ofcot 6, would give the ratio by which the charge- stage was field cooled at an average rate of 1.5 K/min in a
carrier density n differs in the two specielé has already ~magnetic field of up to 5.5 T. Warming curves at the same
been postulated that the 30-K shiftTh of the 1212 species rate were also taken and revealed the transverse and longitu-
is due primarily to a shift in charge-carrier denditin ex-  dinal voltages to be reversible under temperature change. At
amining the normal-state Hall angle, the results suggest th&ach point the voltagetalready averaged over a current
the T, shift is accompanied by doubling of charge-carrier  cycle) were measured for opposite directions of the field,
density. thus eliminating the effect of zero-voltage offset.

Il. EXPERIMENTAL DETAILS Ill. DISCUSSION OF RESULTS

The availability of high-quality film samples of both Hg- It is tempting to compare the Hall numbers(T) of
1212 and TI-1212 has made this study possible. Properties tfiese samples, since in single-carrier-type materials this is
the samples used in this study are outlined in Table I. Hghormally associated with the charge-carrier density. In HTS'’s
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TABLE Il. Comparison of Hall angle data for 1212 sampléSee texy.

Hg and TI

samples T. (K) Slope(Hg)/slope(Tl) [T*IT] TU[T*/T.] (Hg)
land 2 120 and 90 2.1 2.02
2and 1 118 and 87 1.90 1.9

this association cannot be made without difficulty, because obf screening out any effects due to the small variations in
the anomalous temperature dependence,pf T observed effective sample dimensions.
for almost all HTS’s, which presents conceptual problems. A ! was found to display the expect@d dependence as
more reliable gauge of the charge-carrier density for thesseen in almost all HTS'SThe plots foru ! were found to
materials is the Hall angle céf in light of the Anderson overlap for all magnetic fieldsQuite noticeably the plots for
Luttinger-liquid model, Eq(1), which clearly shows a linear Hg-1212 samples are steeper than those for TI-1212 samples.
relationship between the slope of &(T?) and charge- The actual slopes are summarized in the table in Fig. 3. The
carrier densityn. Experiments on YBCO, in which charge- slopes for the highef-, samples, Hd1) and TI(2) differ by
carrier density has been manipulated by adjusting oxygea factor of about 2—see Table II. This factor is lower for the
content, have verified such a relationshipt A particularly ~ lower-T, samples Hg2) and TI(1). For the more optimally
interesting result is one in which Rice and co-worklrs doped samples, then, this suggests that their charge-carrier
showed that the slope varies witl in the same way as does densities differ by approximately a factor of 2.
the doping level. As a means of providing independent confirmation of this
To check this possibility with the 1212 species, longitudi- factor of 2 difference in the charge-carrier densities, we uti-
nal and transverseHall) resistivities were measured. Longi- lize a result found in a recent study by Jin and ithich
tudinal resistivity for TI-1212 sample 1 and Hg-1212 sampleshows evidence of a correlation between charge-carrier den-
1 at fields of 1, 2, 4, and 5.5 T are shown in Fig. 1, revealingsity and the so-called characteristic temperaflife below
little to no field dependence in the normal state. Hall resiswhich cot6,(T?) starts to systematically deviate fromT?
tivities for these same samples and fields are shown in Fig. Zlependence. Since the optimUra for the two 1212 species
showing the expected peak at temperafligg,.. (The inter-  differs by 30 K, our specific interest is in the reduced values
esting features seen in the mixed state will be presented in®*/T ... These values are summarized in the table in Fig. 3
separate paperin particular, the temperature scaling of the and compared in Table Il. The reduc&t values differ by a
inverse Hall mobility »~*=H cotd, was studied, where factor of about 2, consistent with the result from the slopes,
cot gy is the ratio between longitudinal and transverse resiswith a slightly smaller ratio for lowel, samples. These re-
tivities. Toward this endu ! was plotted normalized to sults strongly suggest the possibility, then, tita¢ cation
temperaturel e, Fig. 3. The choice off ., was made on  exchange causes a doubling of charge-carrier density which,
the basis that this parameter is independent of magnetic fielé turn, induces the30-K shift in T,, as effected by the
for each sampléFig. 2), strongly suggesting it to be intrinsic consequent redistribution of oxygen in the unit cell due to
to the material. The normalization has the added advantagée different valences of Hg and Tl cations. In addition, this
challenges the popular notion that HTS’s have a universal
————T T T T T optimal doping level, since the distribution of Cu ions in the

5| Te  slope  T*/Tpeak Hg-1212 ] primitive cells for both species i_s identical. o
Hg#l 120 K 1.18 0.90(2) Hg# 1 It should be noted that there is a small distribution in the
[Hg¥Z 118 1.176(1) 0.9¢(1) Hg#2 ] slopes that is consistent with the variationTip. The lower-
apme v ey T, TI-1212 sample has igher slopethan that for the

.559(4) 1.82(4)

-3 TI-1212) higherT, TI-1212 sample, which is contrary to those of the
|_3 Hg-1212 samples. This makes sense if Hg-1212 samples are
-~ 3r 1 underdoped thus requiring more charge-carrier density to
=5 achieve higherT., while the TI-1212 samples arever-
< doped thus requiring less charge-carrier density to achieve
= 2y 7 higherT..
1+ i
IV. CONCLUSION
05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 50 55 6.0 Comparing the slopes of the normal-state @&pas a func-
(T/ Tpeak) 2 tion of temperature implies, by E¢L), that the 30-K shift in

T. as a result of substituting the Tl cation in TI-1212 to
FIG. 3. Normalized inverse Hall mobility for “1212" species produce Hg-1212 is due to a doubling in charge-carrier den-
versus square of reduced temperature. Table lists values of slops#ly most likely because of the consequent change in oxygen
and ratiosT*/Tea (see text and Fig. )2 concentration and distribution.
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