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High-frequency Hall effect in the normal state of YBa2Cu3O7
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The ac Hall effect of YBa2Cu3O7 was measured in the normal state using time-domain spectroscopy. In
contrast to some theories that explain the anomalous dc Hall effect by postulating a much slower quasiparticle
scattering rate for Hall conduction than for normal conduction, we report a Hall scattering rate that is consistent
with the normal scattering rate.@S0163-1829~97!02926-3#
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The normal-state Hall effect of the cuprate supercondu
ors has been heavily studied because of its anomalous
perature dependence. This has been particularly true s
Chienet al.1 showed that the temperature dependence co
be fit neatly by the expression cotuH[sxx/sxy5aT21C.
Anderson explained this observation in terms of spinon s
tering in a ‘‘tomographic Luttinger liquid.’’2 Since then,
there have been several other explanations for the temp
ture dependence of the dc Hall effect, two of which ma
predictions for the ac behavior, as well.3,4 These theories can
be tested by measurements of the ac Hall effect.

The frequency range of importance to measurement
the ac Hall effect is 100–3000 GHz, which spans the ra
of Hall relaxation rates predicted by the above-mention
theories. This ‘‘millimeter-wave’’ regime severely stretch
the low-frequency limit of Fourier-transform infrared spe
troscopy and the high-frequency limit of microwave tec
niques. Measurements of the complex conductivity in t
regime can be difficult, even when only the diagonal part
the conductivitysxx(v), and not the much smaller Hall con
ductivity sxy(v), is sought. Recently Kaplanet al. per-
formed an experiment using far-infrared Fourier-transfo
techniques, supplemented by measurements with a
infrared laser.5 They found that the Hall scattering rate at 9
K was half to one-quarter of the transport scattering ra
However, they were not able to measure the tempera
dependence of the Hall effect because the Hall angle
creases approximately as 1/T.

The experiments described in this paper complem
those of Kaplanet al.. We use coherent time-domain spe
troscopy to probe the real and imaginary response func
without the need for Kramers-Kronig analysis. In tim
domain terahertz spectroscopy, nearly single-cycle pico
ond electrical pulses are guided quasioptically and trans
ted through the sample.6 The transmitted pulse is detecte
coherently. Fourier transformation of the transmitted pu
leads directly to the real and imaginary parts of the cond
tivity through the equation

Etrans~v!5t~v!Ein~v! ~1!

with

t~v!5
4ne2 if

~n11!@n111Z0s~v!d#
, ~2!
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wheren is the refractive index of the substrate,7 f is the
phase change on passing through the substrate,Z05377 V
is the impedance of free space,s(v) is the complex conduc-
tivity of the film, andd is the thickness of the film.

In the presence of a magnetic field, Eq.~2! is modified by
making the replacementst6 for t ands6 for s, where6
refers to the handedness of circularly polarized light. Wh
the equations are simplest for circularly-polarized light, o
broadband source dictates the use of linear polarizers.
placed them in the positions shown in Fig. 1 and measu
the transmission through both parallel and crossed polariz
The ratio of these two quantities is approximately equal
the cotangent of the Hall angle, cotuH :

txy
txx

5
2Z0dsxy

n111Z0dsxx
'

2sxy

sxx
. ~3!

Since the ratioZ0dsxx(100 K)/(n11).7 for this sample,
the approximation is good, but not perfect. In order to cal
late the Hall angle exactly, we need the magnetoconduc
ity, sxx(H) at temperatures aboveTc . In experiments on this
sample and other similar samples, we have found that wi

FIG. 1. Time-domain spectrometer for measurement of the c
plex transmission tensor in the presence of a magnetic field. D
onal txx and off-diagonaltxy components are selected by rotatin
the analyzing polarizer through 90°. The effect of linear birefr
gence is removed by reversing the field direction.
115 © 1997 The American Physical Society
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the accuracy of our measurements,sxx(H)5sxx(H50). We
have also observed that within our frequency and temp
ture range, the conductivity is nicely fit by a Drude mod
s(v)5ne2/m(G2 iv), with the scattering rateG propor-
tional toT. We use this approximation to generate the sm
correction term 11(n11)/Z0dsxx , which when multiplied
by txy /txx yields the desired quantitysxy /sxx[tanuH .

The data presented here were taken on a YBa2Cu3O7
sample that was nominally 70 nm thick, withrdc(100 K)
5120mV cm andG(100 K)53400 GHz. It was grown by
off-axis sputtering on a sapphire substrate with a CeO2 buffer
layer and hadTc5 85 K.8 Additional data were also col
lected from two other films: a 40 nm film grown by off-ax
sputtering on LaAlO3 with Tc5 88 K and a 70 nm film
grown by laser ablation on LaAlO3 with Tc5 88 K. The data
on these two other films were too noisy to show any cl
temperature dependence and therefore are not prese
here; however, the values of the real and imaginary part
the Hall angle at 100 K were consistent with those repor
here.

The data were all obtained at a field of magnitude 6
In order to eliminate signals due to leakage through
polarizers, the experiments were performed at both posi
and negative fields, and the differences between these
were analyzed: txy /txx5

1
2@ txy(6T)/txx(6T)2txy(26T)/

txx(26T)#. This procedure, which is described in more d
tail in Ref. 6, subtracts out any effects that do not depend
the sign of the magnetic field, while preserving the Hall
fect, which is odd in magnetic field. Any Faraday rotati
due to the substrate is also preserved, but this was meas
to be negligible (,231024 rad!.

In Fig. 2 we plot cotuH[sxx/sxy versus frequency at tem
peratures from 100 to 200 K. Note that the real part of
ratio is much larger than the imaginary part and is consis
with a frequency-independent fit. These frequen
independent values are plotted againstT2 in Fig. 3. We ob-
serve that cotuH}T2, just as is seen in dc measurements. T
slope andy intercept of the data are consistent with that se
for pure samples, slightly oxygen-deficient samp
(YBa2Cu3O6.9), or those doped with zinc or cobalt at the 1
level.1,9,10

The imaginary part of cotuH is much smaller than the rea
part, and it would be difficult to determine a functional for
for it from the data. This is particularly true at higher tem
peratures, sincetxy decreases roughly as 1/T, decreasing the
signal-to-noise ratio at higher temperatures. However, i
possible to put an upper limit on the ratio of the imagina
part to the real part, and this upper limit is important in t
theoretical models, as is discussed below.

In the Drude model, the cotangent of the Hall angle is

sxx

sxy
5

G2 iv

vc
, ~4!

whereG is the scattering rate andvc is the cyclotron fre-
quency,vc5eB/m* c. If we insert into this equation the
temperature dependence ofG obtained from zero-field con
ductance and infrared reflectance measurements,G}T, then
we findsxx /sxy}T. This is clearly not observed experime
tally, so more complex models must be considered.
a-
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Anderson2 explained the dc results by showing that with
his model, a different scattering rate appears in the Hall c
ductivity: sxx}t tr and sxy}vctHt tr with t tr}T

21 and tH
}T22. However, he did not extend the model to higher fr
quencies. Romero11 proposed a high-frequency extension
Anderson’s model. Within this model, the frequency depe

FIG. 2. Real ~circles! and imaginary ~squares! parts of
sxx /sxy5cotuH plotted versus frequency at several temperature
a 6 T magnetic field. Notice that the frequency range is higher
the 100 K data because data were also collected with a se
higher-frequency antennas~open symbols!. The dashed lines are
approximate fits to the data, with an attempt to choose the hig
reasonable slope for the imaginary part of the data in order to g
the lowest reasonable lower bound to the Hall scattering rate, a
discussed in the text.

FIG. 3. The real part ofsxx /sxy5cotuH from Fig. 2 plotted
versusT2 at 6 T. The linear fit is the same as is seen by other gro
in dc measurements.
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dence of the Hall angle would be governed by the transp
lifetime t tr . The other lifetimetH appears only in the com
bination vctH , and thus it is not possible to use ac Ha
effect measurements to distinguish between a heavy effec
mass and a long lifetime.

Colemanet al.3 postulated that processes that prese
charge conjugation symmetry have one scattering rate,G f
}T, while those that do not have a slower rate,Gs}T

2. This
leads to conductivities

sxx5
vp
2/4p

~G f1Gs!/22 iv
, ~5!

sxy5
vcvp

2/4p

~G f2 iv!~Gs2 iv!
. ~6!

These predictions are consistent with the dc results in
limit G f@Gs , where

cotuH5sxx /sxy>2
Gs2 iv

vc
. ~7!

This expression predicts that the characteristic freque
seen in ac measurements of the Hall effect (Gs) will be much
smaller than that seen in measurements ofsxx .

Kotliar et al.’s model4 differs from those of Anderson and
Colemanet al. in that the temperature dependence is cau
by skew scattering. This model predicts that the ac Hall
fect will show the same frequency dependence assxx . The
anomalous temperature dependence of the Hall angle app
as a temperature-dependent cyclotron frequency.

Clearly, the best way to distinguish between these mod
would be to measure the temperature dependence of
imaginary part of the Hall angle. Our upper bound o
Im(sxx /sxy) places constraints on the theories. Taking o
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cue from the form of the cotangent of the Hall angle in t
simple transport model of Eq.~4!, we examine the quantity

2v
Re~sxx /sxy!

Im~sxx /sxy!
, ~8!

which is equal to the scattering rate within the models
Kotliar et al.and Colemanet al.The data in Fig. 2~a! lead to
a lower bound of 2500 GHz for this quantity. This is com
parable to the scattering rate of 3400 GHz inferred fro
measurements ofsxx at 100 K on the same sample.

The lower limit on the scattering rate is consistent wi
those models in which the frequency dependence of the H
effect is governed by the transport scattering rate. The mo
of Colemanet al., however, is difficult to resolve with the
100 K data. In order to yield the requiredT2 temperature
dependence of the Hall effect, their model requires thatGs is
much smaller thanG f . If the Hall effect is to be proportional
to T2 up to 300 K, then it is necessary to hav
Gs(100 K), 500 GHz. With the observedGs(100 K)
.2500 GHz, the Hall effect would appear to be linear
T2 only up to about 60 K.

The data presented in this paper are reasonably consis
with the measurements of Kaplanet al. They found that in
two samples with transport scattering rates of 127 cm21

~3810 GHz! and 190 cm21 ~5700 GHz! at 95 K, the Hall
scattering rates were 68 and 52 cm21, respectively. Both
their data and our data support the idea that theories req
ing a much smaller Hall scattering rate than the transp
scattering rate cannot be applicable. Finally, we note that
data are consistent with theories predicting that the two s
tering rates are exactly the same.
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