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High-frequency Hall effect in the normal state of YBgCu30,
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The ac Hall effect of YBaCu;O,; 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€S0163-182€07)02926-3

The normal-state Hall effect of the cuprate superconductwheren is the refractive index of the substrdtep is the
ors has been heavily studied because of its anomalous terphase change on passing through the substZgte 377 Q
perature dependence. This has been particularly true singethe impedance of free spaeg(w) is the complex conduc-
Chienet al® showed that the temperature dependence coulglvity of the film, andd is the thickness of the film.
be fit neatly by the expression @pt=oy/oyy=aT +C. In the presence of a magnetic field, Ef) is modified by
Anderson explained this observation in terrgs of spinon Scatmaking the replacements. for t and o for o, where +
tering in a “tomographic Luttinger liquid.” Since then, refers 1o the handedness of circularly polarized light. While
there have been several other explanations for the temperg;, equations are simplest for circularly-polarized light, our

tured.dﬁpenc:en::r? of tgehdc.HaII efvl:,e%cﬂt_,”tlwo OtfhWhi.Ch m"’Ikebroadband source dictates the use of linear polarizers. We
predictions Tor the ac benhaviar, as -1 Nese theories can placed them in the positions shown in Fig. 1 and measured

be tested by measurements of the ac Hall effect ﬁt\e transmission through both parallel and crossed polarizers.

The frequency range of importance to measurements he ratio of these two guantities is aporoximately equal to
the ac Hall effect is 100—3000 GHz, which spans the rang ! WO guantities 1S approxi y equ
he cotangent of the Hall angle, eént

of Hall relaxation rates predicted by the above-mentioned
theories. This “millimeter-wave” regime severely stretches
the low-frequency limit of Fourier-transform infrared spec-

troscopy and the high-frequency limit of microwave tech- tﬂ:
nigues. Measurements of the complex conductivity in this tyw NH1+Zgdoyy oy
regime can be difficult, even when only the diagonal part of

the conductivityo,,(w), and not the much smaller Hall con- _ .
ductivity o, (w), is sought. Recently Kaplaetal. per- ~ Since the ratiacZodoy,(100 K)/(n+1)=7 for this sample,
formed an experiment using far-infrared Fourier-transformthe approximation is good, but not perfect. In order to calcu-
techniques, supplemented by measurements with a fafate the Hall angle exactly, we need the magnetoconductiv-
infrared laser. They found that the Hall scattering rate at 95 ity, o,,(H) at temperatures abovie . In experiments on this

K was half to one-quarter of the transport scattering ratesample and other similar samples, we have found that within
However, they were not able to measure the temperature
dependence of the Hall effect because the Hall angle de-
creases approximately asTL/

The experiments described in this paper complement
those of Kaplaret al. We use coherent time-domain spec-
troscopy to probe the real and imaginary response function
without the need for Kramers-Kronig analysis. In time-
domain terahertz spectroscopy, nearly single-cycle picosec
ond electrical pulses are guided quasioptically and transmit-
ted through the sampfeThe transmitted pulse is detected %

—Zydoyy Oy

©)

Coherent Terahertz Spectrometer

detection
pulses

coherently. Fourier transformation of the transmitted pulse | _.p Adustable yeopt ) —
leads directly to the real and imaginary parts of the conduc- ISS P ) %M
tivity through the equation generetr oo
and lens and lens
. Evand @) =t(@)En(e) @ FIG. 1. Time-domain spectrometer for measurement of the com-
with plex transmission tensor in the presence of a magnetic field. Diag-
dne-i onalt,, and off-diagonalt,, components are selected by rotating
t(w)= ne 2) the analyzing polarizer through 90°. The effect of linear birefrin-
(n+1)[n+1+Zyo(w)d]’ gence is removed by reversing the field direction.
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the accuracy of our measuremerntg,(H) = o,,(H=0). We 60 S — T
have also observed that within our frequency and tempera- s :‘.°.°K e B 120K *
ture range, the conductivity is nicely fit by a Drude model:  , “f ™" I SO S,
o(w)=ne’/m(I'—iw), with the scattering ratd propor- N [ o
tional to T. We use this approximation to generate the small © 1t 1% b, . E
correction term ¥ (n+1)/Z,doy,, which when multiplied i S R Sereell o
by txy/txx yields the desired quantityxy/axxztanﬁH . % 0™ 100 200 e,foo 4?(0;120)0 6(‘)0 700 800 o s 1<|);> 1(;(?‘“2)60 250 200
The data presented here were taken on a XBgO, req (GHz req (e
sample that was nominally 70 nm thick, wiiy (100 K)
=120 Q) cm andl'(100 K)=3400 GHz. It was grown by ok T gk
off-axis sputtering on a sapphire substrate with a Cle@fer 80 feoeenen PR e . )
layer and hadT,= 85 K. Additional data were also col-  oF ©¢ ol SRR
lected from two other films: a 40 nm film grown by off-axis ¥ 2} o o
sputtering on LaAlQ with T,= 88 K and a 70 nm film _22 R T L
grown by laser ablation on LaAlQwith T.= 88 K. The data o b S S
on these two other films were too noisy to show any clear Gy 0O G

temperature dependence and therefore are not presente
here; however, the values of the real and imaginary parts of

240 F

the Hall angle at 100 K were consistent with those reported ~ ,, t %K ) 1 e p20K
............... e e-- 160 E .
here. . . : o7 100 ¢ s 1 e o 9
The data were all obtained at a field of magnitude 6 T. ~ _ & ° TS e L e
In order to eliminate signals due to leakage through the = | | i° o — .
polarizers, the experiments were performed at both positive e N LI S I L
and negative fields, and the differences between these dal ™ =it oo " aa 500 e e e
were analyzed: t,,/t,,= %[txy(BT)/txx(GT)—txy(—GT)/ freq (GHa) freq (GH2)

ty(—6T)]. This procedure, which is described in more de-
tail in Ref. 6, subtracts out any effects that do not depend on FIG. 2. Real (circles and imaginary (squares parts of
the sign of the magnetic field, while preserving the Hall ef-ox/oy=cotf, plotted versus frequency at several temperatures in
fect, which is odd in magnetic field. Any Faraday rotationa 6 T magnetic field. Notice that the frequency range is higher for
due to the substrate is also preserved, but this was measuré§ 100 K data because data were also collected with a set of
to be negligible €2x 104 rad). higher-frequency antenngspen symbols The dashed lines are
In Fig. 2 we plot CoBy=a,, /0y, Versus frequency at tem- approximate fits to the dgta vylth an attempt to chopse the hlghest

peratures from 100 to 200 K. Note that the real part of thereasonable slope for the imaginary part of the data m_order to give
ratio is much larger than the imaginary part and is consisteng_'e lowest _reasonable lower bound to the Hall scattering rate, as is
with a frequency-independent fit. These frequency- iscussed in the text.

independent values are plotted agaifistin Fig. 3. We ob-

serve that cat,=T?, just as is seen in dc measurements. The ) ) "
slope andy intercept of the data are consistent with that seen Andersofi explained the dc results by showing that within
for pure samples, slightly oxygen-deficient samplesh's model, a different scattering rate appears |n the Hall con-

(YBa,Cu,0g o), Or those doped with zinc or cobalt at the 1% ducE|;/|ty Ty Ty and oy @ weTy Ty With 7, < T+ and 7,
leve] 1:9.10 «T~“. However, he did not extend the model to higher fre-

The imaginary part of cak, is much smaller than the real quenues.’RomeiLc'B pro'pqsed.a high-frequency extension of
part, and it would be difficult to determine a functional form Anderson’s model. Within this model, the frequency depen-
for it from the data. This is particularly true at higher tem-
peratures, sincg,, decreases roughly asTl/decreasing the — T T

signal-to-noise ratio at higher temperatures. However, it is 200 [ —
possible to put an upper limit on the ratio of the imaginary i > '
part to the real part, and this upper limit is important in the 150 L e 3
theoretical models, as is discussed below. it C )
In the Drude model, the cotangent of the Hall angle is S 100 . 1
&) o  ®
— 50 = [ ]
oyxy I'—iw X
e, 4 F
Xy ¢ o ) S R NS SR B
whereT is the scattering rate and, is the cyclotron fre- 0 1x10* 2x10* 3x10* 4x10° 5x10°
qguency, w.=eB/m*c. If we insert into this equation the T (K%
temperature dependence Ibfobtained from zero-field con-
ductance and infrared reflectance measuremémntg;, then FIG. 3. The real part ofr./oy,=cotéy from Fig. 2 plotted

we find oy, /oy T. This is clearly not observed experimen- versusT? at 6 T. The linear fit is the same as is seen by other groups
tally, so more complex models must be considered. in dc measurements.
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dence of the Hall angle would be governed by the transportue from the form of the cotangent of the Hall angle in the
lifetime 7,,. The other lifetimer, appears only in the com- simple transport model of E¢4), we examine the quantity
bination w7, and thus it is not possible to use ac Hall- RE( 0/ 0y)
effect measurements to distinguish between a heavy effective ——— (8)
mass and a long lifetime. IM( oy / oxy)

Colemanet al® postulated that processes that preservayhich is equal to the scattering rate within the models of

charge conjugation symmetry have one scattering fafe, Kotliar et al. and Colemaret al. The data in Fig. &) lead to
«T, while those that do not have a slower rdfgx T2. This  a lower bound of 2500 GHz for this quantity. This is com-

leads to conductivities parable to the scattering rate of 3400 GHz inferred from
measurements af,, at 100 K on the same sample.
02l The lower limit on the scattering rate is consistent with
U"X:(Ffﬂfm’ (5 those models in which the frequency dependence of the Hall

effect is governed by the transport scattering rate. The model
) of Colemanet al,, however, is difficult to resolve with the
B wcwyl4m 100 K data. In order to yield the requirétf temperature
‘TXV_(rf_iw)(rs_ iw) ©) dependence of the Hall effect, their model requires thas
much smaller that'; . If the Hall effect is to be proportional
These predictions are consistent with the dc results in theo T? up to 300 K, then it is necessary to have

limit I'+>Tg, where I'y(100 K)< 500 GHz. With the observed's(100 K)
>2500 GHz, the Hall effect would appear to be linear in
Is—iw T2 only up to about 60 K.

COtOy = Oy / 0yy=2 (7) The data presented in this paper are reasonably consistent

with the measurements of Kaplat al. They found that in
This expression predicts that the characteristic frequenc¥0 samples with transport scattering rates of 127 ¢m
seen in ac measurements of the Hall effd&f)(will be much ~ (3810 GH2 and 190 cm * (5700 GH3 at 95 K, the Hall
smaller than that seen in measurements-gf. scattering rates were 68 and 52 ci_'n respecnvely._ Both _
Kotliar et al’s modef differs from those of Anderson and th€ir data and our data support the idea that theories requir-

Colemanet al. in that the temperature dependence is causef'¥ 2 much smaller Hall scattering rate than the transport

by skew scattering. This model predicts that the ac Hall ef_scatterlng rate cannot be applicable. Finally, we note that our

fect will show the same frequency dependencergs The data are consistent with theories predicting that the two scat-

anomalous temperature dependence of the Hall angle appef:tl(resrlng rates are exactly the same.

as a temperature-dependent cyclotron frequency. The authors are very grateful to Paul Merchant for gener-

Clearly, the best way to distinguish between these modelsusly supplying YBCO samples for this experiment. This
would be to measure the temperature dependence of theork was supported by NSF Grant No. FD95-10353 and
imaginary part of the Hall angle. Our upper bound onD.O.E. Contract No. DE-AC03-76SF00098. S.S. was sup-
Im(ox/0oyy) places constraints on the theories. Taking ourported by the Miller Institute for Basic Research in Science.
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