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Measurement of the Far-Infrared Magnetoconductivity Tensor
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We report measurements of the far-infrared transmission of superconducting YBa2Cu3O72d thin films
from 5 to 200 cm21 in fields up to 14 T. A Kramers-Kronig analysis of the magnetotransmiss
spectrum yields the magnetoconductivity tensor which is found to be dominated by three t
a London term, a low frequency Lorentziansv1 ø 3 cm21d of width G1  10 cm21, and a finite
frequency Lorentzian of widthG2  17 cm21 at v2  24 cm21 in the hole cyclotron resonance activ
mode of circular polarization. [S0031-9007(96)00165-2]

PACS numbers: 74.25.Nf, 74.60.Ge, 74.72.Bk, 78.20.Ls
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The electrodynamic response of type II superconduc
in the mixed state is strongly affected by vortex dyna
ics as extensive dc transport and microwave (mwave) fre-
quency studies have shown for both conventional and h
temperature superconductors [1,2]. For a pinned vo
lattice the results of themwave experiments can be d
scribed in terms of a conductivity function consisting
a London term, reduced from its zero field strength, a
a zero frequency oscillator with a width characterized
the “depinning frequency”vd  kyh wherek is the pin-
ning force constant andh is the viscosity [1]. In princi-
ple, however, a far richer phenomenology may be an
pated for the electrodynamics of the vortex system. T
possibilities include a pinning resonance associated
the motion of the vortex in its pinning field [3], reso
nant excitation of quasiparticles to the quantized level
the vortex core [4], and, in the clean limit, the collecti
cyclotron resonance of the electron system [5,6]. Mo
over, quite generally, the response of an electron syste
the presence of a magnetic field is expected to be ch
so thatsxysv, Hd fi 0. Although evidence for these e
fects has not been observed atmwave frequencies, the
have been reported from recent experiments in highTc

films at far-infrared (FIR) frequencies [5,7,8] and inte
preted in terms of a clean limit theory of vortex dyna
ics [3]. These experiments were limited tov . 25 cm21

so that they did not observe the zero frequency oscill
nor did they completely resolve the pinning resonance
Therefore there is a gap in our understanding of the e
trodynamics of the vortex system that coincides with
frequency gap in the measurements between themwave
and FIR.

In this Letter we present the magnetotransmission s
trum of YBa2Cu3O72d (YBCO) films over the frequency
range from 5.26 to200 cm21 by using the combination
of broadband Fourier transform spectroscopy (FTS)
a FIR laser source. These measurements cover the e
range of frequencies relevant to the vortex system and
0031-9007y96y76(20)y3810(4)$10.00
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are found to provide a reconciliation of themwave and
FIR phenomenologies. The results show that the elec
dynamic response of the pinned vortex system is do
nated by two major Lorentzian oscillators in addition to
London term. These results, together with evidence of
weaker vortex core resonances reported recently [7], s
gest a vortex response that combines the features of
the massless vortex model of Gittleman-Rosenblum (G
and the clean limit model of Hsu, which includes the vo
tex core structure and inertia [1,3].

The samples are high quality YBCO thin films grow
by pulsed laser deposition on silicon substrates with y
tria stabilized zirconia buffer layers and cap layers. T
film thickness is typicallyd  400 Å and typical critical
temperatures areTc  89 6 1 K measured by ac suscep
tibility. Their growth and characterization is described
detail elsewhere [7,9]. The broadband transmission of
films was measured from 30 to200 cm21, using FTS with
magnetic fields up to 14 T applied perpendicular to thea-
b plane of the YBCO. The incident FIR radiation wa
elliptically polarized by a polarizer comprised of a met
grid linear polarizer and a x-cut quartz wave plate. T
elliptically polarized transmission data were unfolded; u
ing a calibration of the polarizer efficiency, to give th
circularly polarized responseT6sv, Hd. A more detailed
description of the experiment and data manipulation
given elsewhere [5,8]. For the low frequency measu
ments we use a CO2 pumped FIR laser which has usefu
discrete FIR lines from 5.26 to96 cm21. Problems with
leakage of radiation and multiple reflection effects in t
substrate were eliminated as described in Ref. [10].

The experiments measured both the absolute tra
mission at zero fieldT sv, 0d and the transmission
ratio T 6sv, HdyT sv, 0d. The transmission coefficien
T6sv, Hd  jt6sv, Hdj2 where the transmission ampli
tudet6sv, Hd is related to the conductivity by

t6sv, Hd  sns 1 1dyfZ0ds6sv, Hd 1 ns 1 1g (1)
© 1996 The American Physical Society
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in which Z0 is the impedance of free space,ns is the re-
fractive index of the silicon substrate (nearly constant a
real), ands6sv, Hd is the conductivity in the two circular
polarization modes. Figure 1 showsjt6sv, Hdytsv, 0dj
as a function ofv at H  9 T and 4 K. jtsv, 0dj at 4 K
is also shown in the inset. The responsejt1sHdyts0dj in
the electron cyclotron resonance active polarization (EC
mode is plotted for positive frequencies and the hole
tive polarization (HCP) responsejt2sHdyts0dj is plotted
for negative frequencies. The transmission ratios sh
a sharp rise forjvj , 30 cm21 corresponding to a peak
centered in the range65 cm21. This low frequency fea-
ture is asymmetrical aroundv  0; i.e., jt2sHdyts0dj .

jt1sHdyts0dj and its field dependence is slightly supe
linear. At high frequenciessjvj $ 30 cm21d the trans-
mission ratio approaches unity in both modes such t
jt1sHdyts0dj . 1 and jt2sHdyts0dj , 1 with a minimum
at v . 240 cm21. This high frequency chiral respons
is found to scale linearly with magnetic field forH ,

14 T ø Hc2 [7] and has been interpreted in terms of th
tail of a free holelike collective cyclotron resonance of t
system [5]. The overall shape of the transmission ra
spectrum in Fig. 1 is simple, which suggests that the
derlying physics of vortex electrodynamics may be ve
simple and elegant.

A Kramers-Kronig transformation (KKT) techniqu
[11] is used to obtain the real and imaginary parts of t
magnetoconductivity tensor as a function of frequen
which is more useful for gaining physical insight. Th
most convenient quantity related to the transmiss

FIG. 1. The transmission amplitude rati
jt1y2sv, Hdytsv, 0dj as a function of frequencyv for a YBCO
thin film at H  9 T and 4 K for circularly polarized light.
The solid curve represents the FTS data from 30 to200 cm21

and the triangular points represent the data from the FIR la
lines. The region between 125 and140 cm21 corresponds
to a quartz phonon and the half wave-plate condition
the polarizer. The dotted line is the “model extrapolatio
described in text. Inset: Zero field transmission amplitu
jtsv, 0dj vs frequencyv at 4 K (the solid line). The dotted
line is the extrapolation functiontextsvd.
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experiment that satisfies the KKT conditions is lnftsvdg 
ln jtsvdj 1 iargftsvdg in which argftsvdg is the phase
of the complex amplitudetsvd. In the zero field case,
argftsv, 0dg can be obtained through KKT by properly
choosing an extrapolation functiontextsvd for jtsv, 0dj,
which preserves time reversal symmetry (even functi
in v) and has the correct asymptotic behavior atv ! 0
ftextsvd ~ vg and ` ftextsvd ! 1g. tsv, 0d can then be
converted intossv, 0d since Z0, d, and ns are known.
Detailed analysis shows that the film consists offs0 
0.61 of superfluid condensate with the London penetrati
depth l0  1850 Å [12]. Refssv, 0dg is shown in the
inset to Fig. 2.

When a magnetic field is applied to the system, tim
reversal symmetry is broken and it becomes necessar
determined the proper response function for both posit
and negative frequencies. In this case, the two circula
polarized modes are the canonical modes. We can ext
any response functiong1sv, Hd to the negative frequency
range by

g1sv, Hd ;
Ω

g1sv, Hd, whenv . 0 sECPd,
g2s2v, Hdp, whenv , 0 sHCPd, (2)

whereg6sv, Hd are the physical quantities measured f
positive frequencies in the two circularly polarized mode
Thus the KKT for the magnetic field case becomes

arg

∑
t1sv, Hd
tsv, 0d

∏


1
p

P
Z `

2`

ln jt1sv0, Hdytsv0, 0d
v 2 v0

dv0 .

(3)

By combining this withssv, 0d, we can obtains1sv, Hd
s2` , v , `d and therefores6sv, Hd s0 , v , `d.

Figure 2 shows the magnetoconductivit
Refs1sv, Hdg obtained by KKT on the transmission
curves in Fig. 1 with a “model extrapolation” scheme fo

FIG. 2. The magnetoconductivity Refs1sv, Hdg obtained
from the Kramers-Kronig analysis. The change induced
the magnetic field can be described as the sum (dotted li
of a low frequency oscillator of widthG1  10 cm21 at
v1  13.15 cm21 (single dot-dashed line) and an oscillator o
width G2  17 cm21 at v2  224 cm21 (double dot-dashed
line). The small dotted line is Refssv, 0dg.
3811
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jvj , 5 cm21, which will be described below. Apar
from the residual metallic background which is prese
in Refssv, 0dg [12], the conductivity function evolves
from its zero field London formfsne2ymd fs0iyvg into
a form with a reduced London component and seve
finite frequency absorption bands, which can be w
represented as a finite sum of Lorentzian oscillat
sH sv, Hd  sne2ymd

PM
i0 fiyfisv 2 vid 1 Gig where

fi represents the strength of theith oscillator. Indeed,
two finite width oscillators sM  2d in addition to a
reduced strength London termsv0  0, G0  0d is
sufficient to describe the main features induced by vor
dynamics. The best fit withM  2 is shown as the dot
ted line in Fig. 2. The first oscillator is at low frequenc
sv1  3.15 cm21, in ECP mode) withf1  0.14 (23%
of fs0) and a widthG1  10 cm21 [13] which is similar
to the form of the GR model [1]. The second oscillat
is centered atv2  224 cm21 (in the HCP mode) with
f2  0.11 (18% of fs0) and a width G2  17 cm21,
which produces the optical activity observed at high
frequencies [8]. The remaining oscillator strength giv
f0  0.36 (59% offs0) sincef0 1 f1 1 f2  fs0.

The superfluidity of the condensed state leads to
special sum rule ontsvd. For pinned type II super-
conductors the superfluid condensate response cause
low frequency conductivity to be dominated by the Lo
don screening,ssv ! 0d , iyv 1 pdsvd. Therefore
t1s0, Hdyts0, 0d is the ratio of the strength of two delt
functions which is a real number (forH , Hc2). The left
hand side of Eq. (3) is zero (whenv ! 0) which leads to
the relationZ `

0
ln jt1sv, Hdyt2sv, Hdj

dv

v
 0 . (4)

This sum rule provides a strong constraint on the m
netotransmission data which is useful for setting
extrapolations in the KKT analysis. Figure 3 show
jt1sv, Hdyt2sv, Hdj as a function of lnsvd and the in-
tegral weight of Eq. (4) in the various frequency rang
Assuming that free hole behavior eventually domina
the free carrier response at sufficiently high frequenc
then lnjt1yt2jyv , vcyv4t, which indicates a strongly
convergent (or superconvergent) sum rule. Indeed,
trapolation of the broadband data by the cyclotron r
onance model suggests that the frequency range be
190 cm21 contributes only about 10% to the integral. W
have also confirmed the observation of a sign reversa
the optical activitysT 1yT 2 2 1d in YBCO films [8] (the
same batch of samples as in this Letter) at about30 cm21.
Remarkably, this feature is seen to be a natural con
quence of Eq. (4).

Even though several different extrapolation schem
based on reasonable physical assumptions in the unm
sured regionssjvj , 5.26 cm21 and jvj . 200 cm21)
give similar results and preserve the two oscillator p
ture of the conductivity, the use of Eq. (4) allows a refin
3812
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FIG. 3. jt1sv, Hdyt2sv, Hdj is plotted as a function of lnsvd.
The spectral weights of different frequency regions to the s
rule of Eq. (4) are indicated. The dashed line between la
data points is a guide for the eye. The double dot-dash
line is the simple cubic spline extrapolation which behaves
ln jt1yt2j , v below 5 cm21. The dashed line is the “mode
extrapolation” which satisfies the sum rule.

ment of the analysis. A simple cubic spline interpolatio
in the range65.26 cm21 gives lnjt1yt2j , v, which re-
sults in,30% excess weight in the low frequency regio
compared to the high frequency region (double dot-das
line in Fig. 3). There are two possible resolutions of th
discrepancy. The first possibility is that there are oth
(electronlike) chiral resonances in addition to the simp
cyclotron resonance tail above200 cm21 which balances
the low frequency weight. Simulations show that an ad
tional 7% mid-IR chiral resonance at,500 cm21 will al-
low the sum role to be satisfied. However, this resonan
would cause the optical activity to change sign twice b
low 500 cm21 and there has been no evidence for this
our measurements up to200 cm21 [8]. The second possi-
bility is that lnjt1yt2j decreases faster thanv at low fre-
quencies (below5 cm21). By using the two Lorentzian
model mentioned above for the model extrapolation a
shifting the low frequency oscillator tov1 . 0 (electron-
like) we find that the sum rule can be satisfied (dashed l
below5 cm21).

Figure 4(a) shows the resulting Imfsxxsv, Hdgy
Im fssv, 0dg, which describes the modification o
the screening in the applied field. This ratio a
proaches 0.55 asv ! 0. In terms of the G-R model
[1] Im fsxxs0, HdgyIm fss0, 0dg  kyfk 1 sc2y gives
k . 5.3 3 105 Nym2, which is consistent with diverse
mwave measurements [2,13]. The resonance at24 cm21

is seen insxy in Figs. 4(b) and 4(c). According to the
sum rule the contributions of this resonance and the l
frequency oscillator to Refsxyg at v  0 nearly cancel
leading to a suppressed Hall effect at low frequenc
[Fig. 4(b)]. There are additional smaller structures (f
v . 50 cm21) in the conductivity, many of which are
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FIG. 4. The magnetoconductivity is shown in the Cartes
representation,sxx and sxy . The dotted lines are the two
Lorentzian model fits described in Fig. 2.

found to correlate with the density of 45± misaligned
grains in the samples. They have been discussed e
where in terms of vortex core excitations [7].

Within the GR type models optical activity and th
nonzero center frequency of the low frequency osci
tor implies that a Hall force must be added to the Lore
force leading tonesys 2 byLdf0 whereb ø 20.1 char-
acterizes the Hall term [14]. The negativeb is consis-
tent with the observation of a reversal of dc Hall effe
in the flux flow regime [15]. In the GR model optica
activity requires a Hall force, but the zero vortex ma
keeps the resonance at low frequency. On the other h
Hsu’s model contains a Magnus forcesb  1d, core ex-
citations, and, implicitly, a vortex mass. This produc
two finite frequency chiral resonances. In the absenc
pinning the Hsu model predicts that the core resona
is silent and that the response of the superconducto
a collective resonance as expected from Kohn’s theo
[6]. Pinning hybridizes the cyclotron resonance and v
tex core resonance with the pinning resonance. The
sult is a strong hybridized pinning resonance at a nega
frequency, which gives optical activity and a weak h
bridized vortex core resonance at a positive frequency

The observed response is seen to contain the feat
of both theories, but is inconsistent with either one alo
It appears that there is a massless response of the vor
e-
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that gives rise to the low frequency oscillator in additio
to a finite vortex mass response that gives rise to
pinning resonance and the weak vortex core resona
[7,8]. These observations suggest a model in which
vortex is considered as a composite object consist
of massless vortex currents and a massive core with
quantum structure. A paper describing this model will
presented elsewhere [14].
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