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Normal State ac Hall Effect in YBa2Cu3O7 Thin Films
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We have measured the magnetotransmission of thin film samples of YBa2Cu3O7 in the normal
state using circularly polarized light at frequencies from 15 to180 cm21. The magneto-optical signal is
consistent with the ac Hall effect of holes with a reduced scattering rate and an enhanced mass compared
to the zero-field transport parameters. This result agrees with a simple high-frequency extension of
models which have been developed to explain the anomalous dc Hall effect in the normal state of
high-Tc superconductors.

PACS numbers: 78.20.Ls, 72.15.Gd, 74.72.Bk
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The nature of theab-plane charge carrier dynamics
the normal state of YBa2Cu3O7 is currently as intriguing
a subject as the mechanism responsible for the super
ductivity belowTc. Hall measurements have revealed t
charge carriers to be holes with a density related to
oxygen doping level, but there the resemblance to s
ple metals ends. A strikingT2 behavior of the inverse
Hall angle cotuH  sxxysxy has been observed in man
different types of samples [1–4]. In addition, the
conductivity, derived from broadband optical reflectivi
measurements [5,6], shows distinctly non-Drude-like
havior above200 cm21. On the other hand, previou
far-infrared (FIR) magnetotransmission measurement
YBa2Cu3O7 in the superconducting state [7] have fou
a signal consistent with cyclotron resonance of free ho
with a massmc of s3.1 6 0.5dme.

In this Letter we measure the FIR magneto-opti
activity of YBa2Cu3O7 thin films at 9 T and 95 K,
where vct , 1y40, so that we observe an overdamp
cyclotron resonance response, or more appropriately
ac Hall effect. The signal is consistent with a holeli
Hall effect, but fitting the data with a Drude mod
requires a smaller scattering rate and larger mass then
zero-field values. This result is understood by extend
the ideas of Anderson [1,2] or Carringtonet al. [3,4],
used to explain the temperature dependence of the
Hall effect, to high frequencies. In these theories,
Hall effect is dependent upon a scattering time and m
which are distinct from the ordinary transport quantiti
and are associated with spinons, or carriers near
corners of the 2D Fermi surface, respectively. Oth
phenomenological theories have also been propose
explain the appearance of two scattering times in
charge dynamics of cuprate materials [8].
6 0031-9007y96y76(4)y696(4)$06.00
on-
e
e
-

-

of

s

l

he

the
g

dc
e
ss
s
he
r
to
e

Two types of thin film samples were used in the
studies. High quality films of YBa2Cu3O7 were produced
by precursor deposition onto (100) LaAlO3 substrates,
followed by postannealing at 800±C in a wet oxygen
atmosphere. Such films have proven to be of hig
quality than typical laser-deposited samples, in ter
of their degree of crystallinity and low defect densi
[9]. The superconducting transitions were characteriz
by dc resistivity and ac susceptibility measurements a
found to be typically 92 6 0.3 K. Another class of
samples were grown by pulsed laser deposition andin
situ annealing on Si substrates with a buffer layer
yttria-stabilized zirconia. These samples had transitio
typically of 89 6 0.5 K.

FIR magnetotransmission measurements from 15
200 cm21, in the Faraday geometry, were performed w
a polarizing Michelson interferometer above30 cm21,
and with several lines from an optically pumped FIR las
below55 cm21, in conjunction with a 4.2 K Si bolometric
detector. The samples were held in the bore of a sup
conducting 9 T magnet on a movable stage, allowing
transmission of a sample to be compared to that of a bl
substrate for absolute transmission measurements. A
cular polarizer, consisting of a linear polarizer and a 0.5
cm-thick x-cut quartz wave plate, was calibrated using
clotron resonance in GaAs and InAs quantum well stru
tures. The magneto-optical activity of the samples w
“unfolded” from the raw signal using the measured pola
izer calibration curve, as described earlier [7,10]. Sin
the complex index of refraction,n 1 ik, of LaAlO3 is
highly frequency and temperature dependent in this sp
tral region, separate characterizations were performed
these substrates, using a scanning high-resolution in
ferometer to measure the Fabry-Pérot fringe spacings
© 1996 The American Physical Society
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well as the attenuation, in order to obtainn andk versus
frequency at different temperatures.

Figure 1(a) shows as the solid circles the transm
tance ratioT s18.9 TdyT s28.9 Td in circularly polarized
light for a YBa2Cu3O7 film of thickness df  500 Å
on LaAlO3 at 95 K. Figure 1(b) shows the zero-fiel
transmission relative to a blank piece of LaAlO3. The
magneto-optical activity spectrum in Fig. 1(a) has a pe
near80 cm21, while the 0-field spectrum shows a chara
teristic Drude frequency dependence. The solid curve
each frame show fits by a simple Drude model (using
standard sheet conductance formula for the film and tre
ing the multiple reflections in the substrate incoherent
for a dc sheet resistanceRh of 20.4 V and scattering rate
t21

tr  127 cm21. This is the minimum value fort21
tr

that is consistent with the data. In frame (a), howev
the peak in the solid curve fit is near110 cm21, clearly
at higher frequency than the peak in the data. In this
we have chosen the carrier massmtr  3.0 from previous
estimates of FIR measurements [5,6]. However, vary
the carrier mass changes only the amplitude, not the p
position of the fit.

The normal state magneto-optic response was also m
sured for a 400 Å thick YBa2Cu3O7 film on Si, shown in
Fig. 2. The solid circles showT s18.9 TdyT s28.9 Td in
Fig. 2(a) and the 0-field transmission in Fig. 2(b). T
gaps in each frame near130 cm21 are due to a phonon in
the quartz wave plate. Again the 0-field data are fit with
Drude model, in this case with parametersRh  25.9 V

andt21
tr  190 cm21. The resulting fits are shown as th

solid curves in both frames. In frame (b), the Drude cur
provides an excellent fit, with the small structures near 1

FIG. 1. FIR transmission spectra for a 500 Å YBa2Cu3O7

film on LaAlO3 at 95 K. (a) Ratio of the transmittance at18.9
to 28.9 T with circularly polarized light. The solid circles
show the data, the solid line is the prediction of the Dru
model with parameters used to fit the 0-field data in (b), and
dashed line is a fit by the conductivity formula in Eq. (2). (
0-field transmittance of the sample ratioed to a bare substr
The solid circles are the data, and the solid curve a fit b
Drude conductivity with parameters listed in the text.
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155, and190 cm21 likely coming from optic phonons in
YBa2Cu3O7. However, the solid curve in Fig. 2(a), calcu
lated withmtr  3.0, has a peak near170 cm21, compared
to the data which has a peak near60 cm21. In both sam-
ples, the magneto-optical activity shows an approximat
Drude-like frequency response, but with a smaller scatt
ing rate than the 0-field conductivity.

These seemingly anomalous results can be unders
by using a high-frequency extension of models whi
have been used to explain theT 2 dependence of the
normal state inverse Hall anglesxxysxy observed in dc
transport measurements. In Anderson’s model [1]
the normal state of high-Tc superconductors,sxx has the
ordinary form,~ttr , the decay time for holons scatterin
from thermally excited spinons. On the other hand,sxy

depends on bothttr and the scattering time of spinon
excitations,tH : sxy ~ ttrtH . The decay rate for holons
t21

tr , depends on the number of thermally excited spino
and so is proportional toT , while the scattering rate
for spinons,t21

H , depends upon magnetic impurity an
spinon-spinon scattering and goes likeA 1 BT 2.

An alternative model, put forward by Carrington an
co-workers [3,4], explains the same temperature dep
dence within a model involving Fermi surface (FS
anisotropy in thea-b plane. It has been pointed out, how
ever, that their assumption thatl1 ¿ l2, wherel1 and l2

are the mean free paths at the corners and along the e
of the FS, may not hold [11] for the wide variety of high
Tc materials that show theT2 dependence in cotuH . In
fact the ratio of the mean free paths is estimated [4] to
only ,3 for YBa2Cu3O7.

It is not clear how to extend either of these mode
to finite frequency in a rigorous manner. Romero [1
postulated a simple form for the mobility tensor an

FIG. 2. FIR transmission spectra for a 400 Å YBa2Cu3O7

film on Si at 95 K. See the caption for Fig. 1 for description
of the various curves. Note that the difference between
Drude curve and the data in (a) is more pronounced for t
sample than the LaAlO3 sample shown in Fig. 1.
697
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extended Anderson’s model in the following way:

s6 
nce2ttr

mtr

1
1 2 ivttr 6 ivctH

, (1)

wherenc is the carrier density,mtr is the transport mass
(for motion perpendicular to the FS), andvc  eHymHc,
with a cyclotron massmH (for motion parallel to the
FS). Equation (1) describes a Drude Hall effect wit
the cyclotron frequency shifted tovctHyttr , but with
the same scattering rate as the zero-field response.
note that Eq. (1) can also be “derived” from a Boltzman
equation approach in the relaxation time approximation
associatingtH with the Lorentz force term andttr with
the other terms. As it stands, this result will not fit th
data in Fig. 1, but if we assume that1ytH ~ A 1 B0v2,
in keeping with a Fermi liquid approach, then the optic
activity will be enhanced at low frequency relative t
the simple Drude model. However, the required value
B0 , 0.006 cm is more than an order of magnitude large
than that estimated from the temperature dependence
the dc Hall angle data [assuming that the scattering rate
proportional tospkT d2 1 v2g.

Another approach, which can be used to extend
ther Anderson’s or the FS result to high frequency
the weak field limit, is to replacetH and ttr in the ex-
pression forsxx andsxy with t

p
H  tHys1 2 ivtH d and

tp
tr  ttr ys1 2 ivttr d, respectively. This form is easily

justified in the FS models. In the case of two-excitatio
models such as Anderson’s it can be expected from t
coupled Boltzmann equations. This approach leads to
following conductivity function:

s6 
nce2ttr

mtr

1
1 2 ivttr

"
1 6

ivctH

1 2 ivtH

#
, (2)

where againvc  eHymHc. Both this function and
that in Eq. (1) reduce to Anderson’s or the FS result
zero frequency, a simple Drude model iftH  ttr and
mH  mtr , and obey causality and the oscillator streng
sum rule. The form in Eq. (2), however, predicts a no
Drude form of the ac Hall signal, with a roll-off frequency
given approximately by1ytH , distinct from the decay rate
for transport currents.

The dashed line in Fig. 1(a) shows a fit by the condu
tivity function of Eq. (2) witht

21
H  68 6 10 cm21 and

mH  s5.2 6 0.7dme, indicating tH , 2ttr and mH ,
2mtr . This fit can be taken as direct evidence for th
presence of two distinct scattering rates in the norm
state electrodynamics of YBa2Cu3O7, with the scattering
rate associated with the ac Hall effect being much smal
than the transport scattering rate. Within the Anders
picture, we can interpret the parametersmH andtH as the
spinon mass and scattering time, respectively. Interpr
ing the parameters in terms ofl1 andl2 in the anisotropic
FS model, we conclude that the two mean free paths d
fer by only ,50%, which seems to violate the geometri
constraint used to motivate this picture.

Qualitatively similar results are found for the Si sub
strate sample shown in Fig. 2. The dashed line
698
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Fig. 2(a) shows a fit by the conductivity function o
Eq. (2), with t

21
H  52 6 10 cm21 and mH  s6.6 6

0.8dme. Thus the addition of a distinct scattering tim
and mass for the cyclotron resonance provides a quan
tive fit to the magneto-optical data on both samples, w
vctH equal to within 3%. However, the value oft

21
H for

the Si sample is somewhat smaller than that found in
LaAlO3 sample, even thought21

tr derived from the zero-
field transmission of this sample is larger than the va
for the LaAlO3 sample. Because of the differing micro
textures of these two types of samples, with large-sc
defects such as grain boundaries and occlusions [9],
difficult to predict how the different scattering process
should vary from sample to sample.

An alternative to fitting the data in Fig. 2(a) with th
function in Eq. (2) is to derive the Hall conductivity
by applying Kramers-Kronig analysis to the transmissi
data. In our case the field ratioT sHdyTs0d for linearly
polarized light (obtained from averaging the two circul
polarizations) is different from 1 by less than 1%, so w
can conclude thatsxx is almost unchanged from the zero
field value and use theT s1HdyT s2Hd data to evaluate
sxy , through the standard sheet conductance formula [

T s1Hd
T s2Hd


j1 1 n 1 Z0s2df j2

j1 1 n 1 Z0s1df j2
, (3)

whereZ0 is the impedance of free space. The zero-fie
sxx is evaluated from Kramers-Kronig analysis of th
zero-field transmission data.

The results of this analysis are shown in Fig. 3 in term
of the real (solid circles) and imaginary (solid square
parts of the Hall coefficientRH . We have tried severa
high-frequency extrapolations and found little effect o
the overall shape of theRH curves below150 cm21. In
a simple Drude metal, the real part ofRH is frequency
independent, given by1yncec, and the imaginary part is
zero. The clear frequency dependence of both quanti
in our data is an indication of the non-Drude character
the charge dynamics in magnetic field for this material.

Also shown in Fig. 3 as the solid and dashed lin
are the real and imaginary parts ofRH from Eq. (2)
with the parameters used to fit the data in Fig. 2. The
fits are sensitive to the value ofnc (for which we take
the canonical value of2.9 3 10221 cm23 corresponding
to 0.25 hole per in-plane Cu) and to the effective fil
thickness, which is known to only,25%. However, the
fit to both components ofRH is as good as the fit to
the transmission data in Fig. 2, providing a consisten
check of both the model and the Kramers-Kronig analy
procedure. The value of3.5 3 1029 m3yC for RH at zero
frequency and 95 K is comparable to published values
the dc Hall coefficient of single crystal YBa2Cu3O7 with
1% Co impurity [3]. We note that the high-frequenc
limit of Eq. (2) yields RHsv ! `d  smtrymHdyncec,
implying that a high-frequency measurement ofRH could
yield a value for the carrier density, which can only b
guessed from the dc Hall effect data.
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FIG. 3. Hall coefficientRH vs frequency for the Si substrate
sample. The solid circles and squares show, respectively,
real and imaginary parts ofRH derived from Kramers-Kronig
analysis of the data in Fig. 2(a), while the solid and dash
curves show the predicted values from fitting Eq. (2) to th
same data. Inset: Real (circles) and imaginary (squares) p
of cotuH , along with the predictions of Eq. (2) (solid and
dashed lines). The real part is1yvctH , and the slope of the
imaginary part is21yvc.

The inset in Fig. 3 shows the real and imaginary pa
of cotuH derived for the Si substrate sample. The re
part is almost constant within the error bars and is eq
to 1yvctH from Eq. (2). Our value of 40 for this
quantity agrees well with the dc Hall angle data [2,3
The imaginary part is given by2vyvc, from which we
derive mH  6.6me, in agreement with the fitted values
by Eq. (2). The frequency independence of RescotuH d
and the linear frequency dependence of ImscotuH d are
found in a simple Drude model and in some other mod
as well [8], with the exception of arbitrary two-band
models. We take the values formH andtH derived from
this plot as phenomenological definitions.

The conclusion thatmH . mtr ø mc is consistent
with the observation that the high frequency optic
activity T s1HdyT s2Hd 2 1 is appreciably larger in the
superconducting state [14] than in the normal sta
However, it is expected on general grounds that t
charge carriers should respond essentially as free ho
at frequencies high enough that inertia dominates
dynamics. Therefore, this picture [Eq. (2)] should brea
down and the magneto-optical activity should becom
independent of temperature. What is this frequency sca
Evidently, it is not t

21
H . Also, it is apparently not

t21
tr , since Eq. (2) seems to fit the data well up to th

frequency. This suggests that the appropriate scale m
be the spin interaction energyJ , 0.2 eV, or perhaps the
superconducting gap energy, and that higher frequen
magneto-optical measurements could be of interest.

Although the signal-to-noise ratio in the present expe
iment is inadequate to establish the precise power law
the temperature dependence of the magneto-optical
he

d
e
rts

ts
l
al

.

ls

l

e.
e
les
e

k
e
e?

s
ay

cy

r-
or
ig-

nal, we have measured the signal for the Si sample u
120 K at 28 and54 cm21 and found the temperature de
pendence to be quite rapid. At54 cm21, the signal has
decreased by more than a factor of 2 at 120 K. T
seems to be at least as fast as aT 2 dependence fort21

H .
In conclusion, the normal state optical activity spec

for YBa2Cu3O7 at 95 K are inconsistent with a simpl
Drude ac Hall effect with a field-independent cyclotro
mass and scattering rate. We fit the data with a sim
finite frequency extension of models for the dc Ha
effect. The results support the notion of an enhanc
mass and reduced scattering rate for motion paralle
the FS compared to the longitudinal response. Wit
this model, we obtainmH  s6 6 1dme , s2 2 2.5dmtr ,
with t

21
H  60 6 15 cm21 , s0.25 2 0.5dt21

tr .
We have enjoyed useful discussions with N. P. On

V. Yakovenko, A. Zheleznyak, D. B. Romero, and R.
Decca. We would also like to thank M. Shayega
and R. Wagner for providing us with GaAs and InA
2DEG samples for polarizer calibration. This work w
supported in part by the National Science Foundat
under Grant No. DMR 9223217.

*Present address: Sandia National Laboratori
Albuquerque, NM 87185.

[1] P. W. Anderson, Phys. Rev. Lett.67, 2092 (1991).
[2] T. R. Chien, Z. Z. Wang, and N. P. Ong, Phys. Rev. Le

67, 2088 (1991); J. M. Harris, Y. F. Yan, and N. P. On
Phys. Rev. B46, 14 293 (1992).

[3] A. Carrington, A. P. Mackenzie, C. T. Lin, and J. R
Cooper, Phys. Rev. Lett.69, 2855 (1992).

[4] Chris Kendziora, David Mandrus, and Laszlo Mihal
Phys. Rev. B46, 14 297 (1992).

[5] Joseph Orenstein, G. A. Thomas, A. J. Millis, S. L. Coop
D. H. Rapkine, T. Timusk, L. F. Schneemeyer, and J.
Waszczak, Phys. Rev. B42, 6342 (1990).

[6] L. D. Rotter, Z. Schlesinger, R. T. Collins, F. Holtzberg
C. Field, U. W. Welp, G. W. Crabtree, J. Z. Liu, Y. Fang
K. G. Vandervoort, and S. Fleshler, Phys. Rev. Lett.67,
2741 (1991).

[7] K. Karraı̈ et al., Phys. Rev. Lett.69, 355 (1992).
[8] P. Coleman, A. J. Schofield, and A. M. Tsvelik (to b

published); V. Yakovenko (private communication); G
Kotliar, A. Sengupta, and C. M. Varma (to be published

[9] M. P. Siegalet al., J. Mater. Res.7, 2658 (1994); M. P.
Siegal et al., Appl. Phys. Lett.60, 2932 (1992); M. P.
Siegalet al., Appl. Phys. Lett.60, 2936 (1992).

[10] S. Wu, S. G. Kaplan, M. Quijada, K. Sengupta, and H.
Drew, Rev. Sci. Instrum. (to be published).

[11] J. M. Harris, Y. F. Yan, N. P. Ong, and P. W. Anderson (
be published).

[12] D. B. Romero, Phys. Rev. B46, 8505 (1992).
[13] For the small signals that we observe, the right-hand s

of Eq. (3) is given quite closely by the approximate for
1 1 4 Imssxyysxxd. The Kramers-Kronig analysis is thu
essentially a linear transformation of the data.

[14] E.-J. Choiet al., Phys. Rev. B49, 13 271 (1994).
699


