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Normal State ac Hall Effect in YBa,Cu30O7 Thin Films
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We have measured the magnetotransmission of thin film samples ofCYB@, in the normal
state using circularly polarized light at frequencies from 1380 cm™'. 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-T.. superconductors.

PACS numbers: 78.20.Ls, 72.15.Gd, 74.72.Bk

The nature of therb-plane charge carrier dynamics in  Two types of thin film samples were used in these
the normal state of YB#&u3;05 is currently as intriguing studies. High quality films of YBgCus;O; were produced
a subject as the mechanism responsible for the supercohy precursor deposition onto (100) LaAlGsubstrates,
ductivity belowT,. Hall measurements have revealed thefollowed by postannealing at 80C in a wet oxygen
charge carriers to be holes with a density related to thatmosphere. Such films have proven to be of higher
oxygen doping level, but there the resemblance to simgquality than typical laser-deposited samples, in terms
ple metals ends. A striking?> behavior of the inverse of their degree of crystallinity and low defect density
Hall angle coby = o./0,, has been observed in many [9]. The superconducting transitions were characterized
different types of samples [1-4]. In addition, the acby dc resistivity and ac susceptibility measurements and
conductivity, derived from broadband optical reflectivity found to be typically92 = 0.3 K. Another class of
measurements [5,6], shows distinctly non-Drude-like besamples were grown by pulsed laser deposition end
havior above200 cm~!'. On the other hand, previous situ annealing on Si substrates with a buffer layer of
far-infrared (FIR) magnetotransmission measurements ofttria-stabilized zirconia. These samples had transitions
YBa,Cuz05 in the superconducting state [7] have foundtypically of 89 + 0.5 K.
a signal consistent with cyclotron resonance of free holes FIR magnetotransmission measurements from 15 to
with a massn, of (3.1 = 0.5)m,. 200 cm™!, in the Faraday geometry, were performed with

In this Letter we measure the FIR magneto-opticala polarizing Michelson interferometer abod® cm™!,
activity of YBa,Cu;O, thin films at 9 T and 95 K, and with several lines from an optically pumped FIR laser
where w.7 ~ 1/40, so that we observe an overdampedbelow55 cm™!, in conjunction with a 4.2 K Si bolometric
cyclotron resonance response, or more appropriately thdetector. The samples were held in the bore of a super-
ac Hall effect. The signal is consistent with a holelike conducting 9 T magnet on a movable stage, allowing the
Hall effect, but fitting the data with a Drude model transmission of a sample to be compared to that of a blank
requires a smaller scattering rate and larger mass then tiseibstrate for absolute transmission measurements. A cir-
zero-field values. This result is understood by extendingular polarizer, consisting of a linear polarizer and a 0.53-
the ideas of Anderson [1,2] or Carringtat al.[3,4], cm-thick x-cut quartz wave plate, was calibrated using cy-
used to explain the temperature dependence of the ddotron resonance in GaAs and InAs quantum well struc-
Hall effect, to high frequencies. In these theories, thdaures. The magneto-optical activity of the samples was
Hall effect is dependent upon a scattering time and mas&infolded” from the raw signal using the measured polar-
which are distinct from the ordinary transport quantitiesizer calibration curve, as described earlier [7,10]. Since
and are associated with spinons, or carriers near théhe complex index of refractiory + ik, of LaAlO; is
corners of the 2D Fermi surface, respectively. Othethighly frequency and temperature dependent in this spec-
phenomenological theories have also been proposed teal region, separate characterizations were performed for
explain the appearance of two scattering times in théhese substrates, using a scanning high-resolution inter-
charge dynamics of cuprate materials [8]. ferometer to measure the Fabry-Pérot fringe spacings, as
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well as the attenuation, in order to obtairandk versus 155, and190 cm™! likely coming from optic phonons in
frequency at different temperatures. YBa,Cu;O,. However, the solid curve in Fig. 2(a), calcu-
Figure 1(a) shows as the solid circles the transmitdated withm, = 3.0, has a peak ned70 cm™!, compared
tance ratio7(+8.9 T)/T(—8.9T) in circularly polarized to the data which has a peak n&@rcm™!. In both sam-
light for a YBa,CusO; film of thicknessd; = 500 A ples, the magneto-optical activity shows an approximately
on LaAlO; at 95 K. Figure 1(b) shows the zero-field Drude-like frequency response, but with a smaller scatter-
transmission relative to a blank piece of LaAlO The ing rate than the O-field conductivity.
magneto-optical activity spectrum in Fig. 1(a) has a peak These seemingly anomalous results can be understood
near80 cm™!, while the O-field spectrum shows a charac-by using a high-frequency extension of models which
teristic Drude frequency dependence. The solid curves ihave been used to explain tt#& dependence of the
each frame show fits by a simple Drude model (using thenormal state inverse Hall angle,,/o,, observed in dc
standard sheet conductance formula for the film and treatransport measurements. In Anderson’s model [1] for
ing the multiple reflections in the substrate incoherently}he normal state of higlfz. superconductorsy,, has the
for a dc sheet resistané®; of 20.4 () and scattering rate ordinary form,x«r, the decay time for holons scattering
7! = 127 cm™!. This is the minimum value for,!  from thermally excited spinons. On the other hang,
that is consistent with the data. In frame (a), howeverdepends on both and the scattering time of spinon
the peak in the solid curve fit is neat0 cm™!, clearly  excitations,ry: oy * TyTy. The decay rate for holons,
at higher frequency than the peak in the data. In this fity !, depends on the number of thermally excited spinons,
we have chosen the carrier magg = 3.0 from previous and so is proportional td@’, while the scattering rate
estimates of FIR measurements [5,6]. However, varyindor spinons,r;' , depends upon magnetic impurity and
the carrier mass changes only the amplitude, not the peapinon-spinon scattering and goes liker BT?.
position of the fit. An alternative model, put forward by Carrington and
The normal state magneto-optic response was also meee-workers [3,4], explains the same temperature depen-
sured for a 400 A thick YBgCu;0-, film on Si, shown in  dence within a model involving Fermi surface (FS)
Fig. 2. The solid circles show (+8.9 T)/T(—=8.9T) in  anisotropy in thea-b plane. It has been pointed out, how-
Fig. 2(a) and the O-field transmission in Fig. 2(b). Theever, that their assumption that> [,, wherel; andl,
gaps in each frame ne&s0 cm™! are due to a phonon in are the mean free paths at the corners and along the edges
the quartz wave plate. Again the O-field data are fit with aof the FS, may not hold [11] for the wide variety of high-
Drude model, in this case with paramet&s = 25.9 () T, materials that show th&> dependence in céf;. In
andr ! = 190 cm™!. The resulting fits are shown as the fact the ratio of the mean free paths is estimated [4] to be
solid curves in both frames. In frame (b), the Drude curveonly ~3 for YBa,Cu3O-.
provides an excellent fit, with the small structures near 120, It is not clear how to extend either of these models
to finite frequency in a rigorous manner. Romero [12]
postulated a simple form for the mobility tensor and
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FIG. 1. FIR transmission spectra for a 500 A YBa,0, 0.0 ! ! !
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film on LaAlO; at 95 K. (a) Ratio of the transmittance -68.9

to —8.9 T with circularly polarized light. The solid circles
show the data, the solid line is the prediction of the Drude
model with parameters used to fit the O-field data in (b), and thé&IG. 2. FIR transmission spectra for a 400 A Y&ai;0,
dashed line is a fit by the conductivity formula in Eq. (2). (b) film on Si at 95 K. See the caption for Fig. 1 for descriptions
O-field transmittance of the sample ratioed to a bare substratef the various curves. Note that the difference between the
The solid circles are the data, and the solid curve a fit by @rude curve and the data in (a) is more pronounced for this
Drude conductivity with parameters listed in the text. sample than the LaAl@sample shown in Fig. 1.
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extended Anderson’s model in the following way: Fig. 2(a) shows a fit by the conductivity function of
1,27 | Eq. (2), with 7' =52 = 10cm™! and my = (6.6 *
or = (1) 0.8)m.. Thus the addition of a distinct scattering time

me 1 —iowry Tiov.ty’ _ -
wheren, is the carrier densitym,, is the transport mass and mass for the cyclotron resonance provides a quantita-
(for motion perpendicular to the FS), angd = eH/myc, Ve fit to the ma.gn.eto-opncal data on both samplles, with
with a cyclotron massny (for motion parallel to the @c7u €qual to within 3%. However, the value of; " for

FS). Equation (1) describes a Drude Hall effect withthe Si sample is somewhat smallerlthan that found in the
the cyclotron frequency shifted te. 7/, but with LaAlOz sample, even though, ' derived from the zero-
the same scattering rate as the zero-field response. \igld transmission of this sample is larger than the value
note that Eqg. (1) can also be “derived” from a Boltzmannfor the LaAlO; sample. Because of the differing micro-
equation approach in the relaxation time approximation byextures of these two types of samples, with large-scale
associatingry with the Lorentz force term and, with defects such as grain boundaries and occlusions [9], it is
the other terms. As it stands, this result will not fit the difficult to predict how the different scattering processes
data in Fig. 1, but if we assume thatr, = A + B'w?, ~ Should vary from sample to sample. _

in keeping with a Fermi liquid approach, then the optical An alternative to fitting the data in Fig. 2(a) with the
activity will be enhanced at low frequency relative to function in Eq. (2) is to derive the Hall conductivity
the simple Drude model. However, the required value oPY applying Kramers-Kronig analysis to the transmission
B’ ~ 0.006 cm is more than an order of magnitude largerdata. In our case the field ratib(t)/7(0) for linearly
than that estimated from the temperature dependence BPlarized light (obtained from averaging the two circular

the dc Hall angle data [assuming that the scattering rate jolarizations) is different from 1 by less than 1%, so we
proportional to(wkT)* + w?]. can conclude that ., is almost unchanged from the zero-

Another approach, which can be used to extend eifield value and use th&(+H)/T(—H) data to evaluate
ther Anderson’s or the FS result to high frequency in%x: through the standard sheet conductance formula [13]
the W_eak field limit, is to replaceH and 7 .in the ex- T(+H) 11+ n + Zoo dsI?
pression foro,, andoy with 77 = 74/(1 — iw7y) and T—H lN+in+z ot 2 (3)
7. = 1¢/(1 — iwTy), respectively. This form is easily _ _ 0 ar .
justified in the FS models. In the case of two-excitationWhereZo is the impedance of free space. The zero-field
models such as Anderson’s it can be expected from tw@xx 1S €valuated from Kramers-Kronig analysis of the
coupled Boltzmann equations. This approach leads to th&ero-field transmission data.

following conductivity function: The results of this analysis are shown in Fig. 3 in terms
5 ) of the real (solid circles) and imaginary (solid squares)

. = e Tu 1 |:1 4 _lWTH } (2) Parts of the Hall coefficienR,. We have tried several
N my 1 —iwty l —iwty high-frequency extrapolations and found little effect on

where againw. = eH/mpyc. Both this function and the overall shape of th®y; curves belowl50 cm™!. In
that in Eq. (1) reduce to Anderson’s or the FS result ab simple Drude metal, the real part 8f; is frequency
zero frequency, a simple Drude model7fy = 7, and independent, given by/n.ec, and the imaginary part is
myg = my, and obey causality and the oscillator strengthzero. The clear frequency dependence of both quantities
sum rule. The form in Eqg. (2), however, predicts a non-in our data is an indication of the non-Drude character of
Drude form of the ac Hall signal, with a roll-off frequency the charge dynamics in magnetic field for this material.
given approximately by /7, distinct from the decay rate  Also shown in Fig. 3 as the solid and dashed lines
for transport currents. are the real and imaginary parts &y from Eq. (2)
The dashed line in Fig. 1(a) shows a fit by the conducwith the parameters used to fit the data in Fig. 2. These
tivity function of Eq. (2) with7;' = 68 = 10 cm™! and  fits are sensitive to the value af. (for which we take
my = (52 = 0.7)m,, indicating 7z ~ 27, and my ~  the canonical value 0.9 X 1072! cm™3 corresponding
2my. This fit can be taken as direct evidence for theto 0.25 hole per in-plane Cu) and to the effective film
presence of two distinct scattering rates in the normathickness, which is known to only+25%. However, the
state electrodynamics of YB&u;0-, with the scattering fit to both components ofRy is as good as the fit to
rate associated with the ac Hall effect being much smallethe transmission data in Fig. 2, providing a consistency
than the transport scattering rate. Within the Andersortheck of both the model and the Kramers-Kronig analysis
picture, we can interpret the parameterg andry as the  procedure. The value 6f5 X 10~°m?/C for Ry at zero
spinon mass and scattering time, respectively. Interprefrequency and 95 K is comparable to published values for
ing the parameters in terms ff and/, in the anisotropic  the dc Hall coefficient of single crystal YB&u,;O; with
FS model, we conclude that the two mean free paths difi% Co impurity [3]. We note that the high-frequency
fer by only ~50%, which seems to violate the geometric limit of Eq. (2) yields Ry(w — ») = (my/my)/ncec,
constraint used to motivate this picture. implying that a high-frequency measuremenirgf could
Qualitatively similar results are found for the Si sub-yield a value for the carrier density, which can only be
strate sample shown in Fig. 2. The dashed line inguessed from the dc Hall effect data.
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nal, we have measured the signal for the Si sample up to

4 - e S ) 120 K at 28 ands4 cm™! and found the temperature de-
i g Ot= —— pendence to be quite rapid. A# cm™!, the signal has
.1 3 100 4 ] decreased by more than a factor of 2 at 120 K. This
S 31 200 — \H seems to be at least as fast aE2adependence forj; .
E 0 50 100 150 200 In conclusion, the normal state optical activity spectra
e 5 Frequency (cm”) for YBa,Cu;0, at 95 K are inconsistent with a simple
;é Drude ac Hall effect with a field-independent cyclotron

mass and scattering rate. We fit the data with a simple
finite frequency extension of models for the dc Hall
effect. The results support the notion of an enhanced
mass and reduced scattering rate for motion parallel to
the FS compared to the longitudinal response. Within
this model, we obtaimy = (6 = 1)m, ~ (2 — 2.5)my,
with 7' = 60 = 15 cm™! ~ (0.25 — 0.5)7; "

FIG. 3. Hall coefficientRy vs frequency for the Si substrate ~ We have enjoyed useful discussions with N.P. Ong,
sample. The solid circles and squares show, respectively, thg. Yakovenko, A. Zheleznyak, D.B. Romero, and R.S.
real and imaginary parts aty derived from Kramers-Kronig cgecca' We would also like to thank M. Shayegan

analysis of the data in Fig. 2(a), while the solid and dashe - .
curves show the predicted values from fitting Eq. (2) to the nd R. Wagner for providing us with GaAs and InAs

same data. Inset: Real (circles) and imaginary (squares) pardPEG samples for polarizer calibration. This work was
of cotdy, along with the predictions of Eq. (2) (solid and supported in part by the National Science Foundation
dashed lines). The real part I9w. 75, and the slope of the under Grant No. DMR 9223217.

imaginary part is—1/w..

100
Frequency (cm™)

The inset in Fig. 3 shows the real and imaginary parts
of cotfy derived for the Si substrate sample. The real
part is almost constant within the error bars and is equal
to 1/w.7y 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 by w/w., from which we
derive myg = 6.6m,, in agreement with the fitted values
by Eq. (2). The frequency independence of(¢vedy)
and the linear frequency dependence ofdatéy) are  [4] Chris Kendziora, David Mandrus, and Laszlo Mihaly,
found in a simple Drude model and in some other models  Phys. Rev. B46, 14297 (1992).
as well [8], with the exception of arbitrary two-band [5] Joseph Orenstein, G. A. Thomas, A.J. Millis, S. L. Cooper,
models. We take the values fory and 7y derived from D.H. Rapkine, T. Timusk, L.F. Schneemeyer, and J.V.
this plot as phenomenological definitions. Waszczak, Phys. Rev. &, 6342 (1990).

The conclusion thatmy > m, ~ m. is consistent [6] L.D._Rotter, Z. Schlesinger, R.T. Collins, F_. Holtzberg,
with the observation that the high frequency optical ~ C- Field, U.W. Welp, G.W. Crabtree, J.Z. Liu, Y. Fang,
activity T(+H)/T(—H) — 1 is appreciably larger in the K.G. Vandervoort, and S. Fleshler, Phys. Rev. Lé&,

: . 2741 (1991).
superconducting state [14] than in the normal state.m K. Kar(rai et)al. Phys. Rev. Lett69, 355 (1992).

However, it is expected on general grounds that the(g] p. coleman, A.J. Schofield, and A.M. Tsvelik (to be
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