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We report measurements of the far-infrared transmission of superconductin@¥Ba_ thin films
from 5 to 200 cni! in fields up to 14 T. A Kramers-Kronig analysis of the magnetotransmission
spectrum yields the magnetoconductivity tensor which is found to be dominated by three terms:
a London term, a low frequency Lorentzidw, =~ 3 cm™') of width ', = 10 cm™', and a finite
frequency Lorentzian of widtlh, = 17 cm™! at w, = 24 cm™! in the hole cyclotron resonance active
mode of circular polarization. [S0031-9007(96)00165-2]

PACS numbers: 74.25.Nf, 74.60.Ge, 74.72.Bk, 78.20.Ls

The electrodynamic response of type Il superconductorare found to provide a reconciliation of thewave and
in the mixed state is strongly affected by vortex dynam-FIR phenomenologies. The results show that the electro-
ics as extensive dc transport and microwau&v@ve) fre-  dynamic response of the pinned vortex system is domi-
quency studies have shown for both conventional and highated by two major Lorentzian oscillators in addition to a
temperature superconductors [1,2]. For a pinned vortekondon term. These results, together with evidence of the
lattice the results of thetwave experiments can be de- weaker vortex core resonances reported recently [7], sug-
scribed in terms of a conductivity function consisting of gest a vortex response that combines the features of both
a London term, reduced from its zero field strength, andhe massless vortex model of Gittleman-Rosenblum (GR)
a zero frequency oscillator with a width characterized byand the clean limit model of Hsu, which includes the vor-
the “depinning frequency,; = «/n wherex is the pin-  tex core structure and inertia [1,3].
ning force constant ang is the viscosity [1]. In princi- The samples are high quality YBCO thin films grown
ple, however, a far richer phenomenology may be anticiby pulsed laser deposition on silicon substrates with yit-
pated for the electrodynamics of the vortex system. Théria stabilized zirconia buffer layers and cap layers. The
possibilities include a pinning resonance associated witfilm thickness is typicallyd = 400 A and typical critical
the motion of the vortex in its pinning field [3], reso- temperatures arg. = 89 *= 1 K measured by ac suscep-
nant excitation of quasiparticles to the quantized levels ittibility. Their growth and characterization is described in
the vortex core [4], and, in the clean limit, the collective detail elsewhere [7,9]. The broadband transmission of the
cyclotron resonance of the electron system [5,6]. Morefilms was measured from 30 290 cm™!, using FTS with
over, quite generally, the response of an electron system imagnetic fields up to 14 T applied perpendicular todhe
the presence of a magnetic field is expected to be chirah plane of the YBCO. The incident FIR radiation was
so thato,(w, H) # 0. Although evidence for these ef- elliptically polarized by a polarizer comprised of a metal
fects has not been observed @avave frequencies, they grid linear polarizer and a x-cut quartz wave plate. The
have been reported from recent experiments in High elliptically polarized transmission data were unfolded; us-
films at far-infrared (FIR) frequencies [5,7,8] and inter-ing a calibration of the polarizer efficiency, to give the
preted in terms of a clean limit theory of vortex dynam-circularly polarized respons&*(w, H). A more detailed
ics [3]. These experiments were limiteddo> 25 cm™~!  description of the experiment and data manipulation is
so that they did not observe the zero frequency oscillatogiven elsewhere [5,8]. For the low frequency measure-
nor did they completely resolve the pinning resonance [8]ments we use a COpumped FIR laser which has useful
Therefore there is a gap in our understanding of the eleddiscrete FIR lines from 5.26 196 cm~'. Problems with
trodynamics of the vortex system that coincides with thdeakage of radiation and multiple reflection effects in the
frequency gap in the measurements betweeniitvave  substrate were eliminated as described in Ref. [10].
and FIR. The experiments measured both the absolute trans-

In this Letter we present the magnetotransmission spegnission at zero field7(w,0) and the transmission
trum of YBa,Cu;0;_5 (YBCO) films over the frequency ratio T*(w,H)/T(w,0). The transmission coefficient
range from 5.26 t®00 cm™! by using the combination 7= (w,H) = |t*(w, H)|*> where the transmission ampli-
of broadband Fourier transform spectroscopy (FTS) antlde:™(w, H) is related to the conductivity by
a FIR laser source. These measurements cover the entire
range of frequencies relevant to the vortex system and they t*(w, H) = (n;, + 1)/[Zodo™ (w,H) + ng, + 1] (1)
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in which Z; is the impedance of free spaace, is the re- experiment that satisfies the KKT conditions ift{w)] =

fractive index of the silicon substrate (nearly constant andh |¢(w)| + iard#(w)] in which ards(w)] is the phase

real), ando* (w, H) is the conductivity in the two circular of the complex amplitude(w). In the zero field case,

polarization modes. Figure 1 shoWs" (w, H)/t(w,0)] ard#(w,0)] can be obtained through KKT by properly

as a function ofw at H = 9 T and 4 K. |t(w,0)] at 4 K  choosing an extrapolation functiog,(w) for |t(w,0)|,

is also shown in the inset. The resporis&(H)/t(0)| in  which preserves time reversal symmetry (even function

the electron cyclotron resonance active polarization (ECPh w) and has the correct asymptotic behaviowat- 0

mode is plotted for positive frequencies and the hole ackze(w) « w] ando [t (w) — 1]. #(w,0) can then be

tive polarization (HCP) responde™ (H)/t(0)| is plotted converted intoo(w,0) since Z,, d, and n;, are known.

for negative frequencies. The transmission ratios shovDetailed analysis shows that the film consistsfgf =

a sharp rise fotw| < 30 cm™! corresponding to a peak 0.61 of superfluid condensate with the London penetration

centered in the range5 cm™!. This low frequency fea- depth Ao = 1850 A [12]. Re[o(w,0)] is shown in the

ture is asymmetrical around = 0; i.e., [t~ (H)/t(0)] > inset to Fig. 2.

[t*(H)/t(0)| and its field dependence is slightly super- When a magnetic field is applied to the system, time

linear. At high frequencie$|lw| = 30 cm™!) the trans- reversal symmetry is broken and it becomes necessary to

mission ratio approaches unity in both modes such thadetermined the proper response function for both positive

[t*(H)/t(0)] > 1 and|t~ (H)/t(0)] < 1 with a minimum  and negative frequencies. In this case, the two circularly

atw = —40 cm~!'. This high frequency chiral response polarized modes are the canonical modes. We can extend

is found to scale linearly with magnetic field faf <  any response function” (w, H) to the negative frequency

14 T < H., [7] and has been interpreted in terms of therange by

tail of a free holelike collective cyclotron resonance of the "

system [5]. The overall shape of the transmission ratio ¢*(w, H) = {g(w’H)’ B whenw >0 (ECP, (2)

spectrum in Fig. 1 is simple, which suggests that the un- g (-w,H)", whenw <0 (HCP),

derlying physics of vortex electrodynamics may be verywhereg*(w, H) are the physical quantities measured for

simple and elegant. positive frequencies in the two circularly polarized modes.
A Kramers-Kronig transformation (KKT) technique Thus the KKT for the magnetic field case becomes

[11] is used to obtain the real and imaginary parts of the n o PR ,

magnetoconductivity tensor as a function of frequency,arg[t (w’H)} _1 [ In|:* (o', H)/1(w', 0) do'

which is more useful for gaining physical insight. The

; . o 3
most convenient quantity related to the transmission o o _ 3)
By combining this witho (w, 0), we can obtairr ™ (w, H)

(=% < w < ®) and thereforer*(w, H) (0 < w < «).

Hw,0)

T o w — o
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18 ! ' ! I 1 '_ Figure 2 shows the magnetoconductivity
N JH _oaf yauu Re[o*(w,H)] obtained by KKT on the transmission
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FIG. 1. The transmission amplitude ratio
|t*/~(w, H)/t(w,0)| as a function of frequency for a YBCO
thin film at # =9 T and 4 K for circularly polarized light. ® (cm-l)

The solid curve represents the FTS data from 3Q® cm™!

and the triangular points represent the data from the FIR las€flG. 2. The magnetoconductivity Re™(w,H)] obtained
lines. The region between 125 anid0 cm™! corresponds from the Kramers-Kronig analysis. The change induced by
to a quartz phonon and the half wave-plate condition ofthe magnetic field can be described as the sum (dotted line)
the polarizer. The dotted line is the “model extrapolation”of a low frequency oscillator of widthl';, = 10 cm™' at
described in text. Inset: Zero field transmission amplitudew; = +3.15 cm™! (single dot-dashed line) and an oscillator of
[t(w,0)| vs frequencyw at 4 K (the solid line). The dotted width I', = 17 cm™! at w, = —24 cm™' (double dot-dashed
line is the extrapolation function,(w). line). The small dotted line is Re (w,0)].
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lw| < 5 cm™!, which will be described below. Apart
from the residual metallic background which is present -
in Re[o(w,0)] [12], the conductivity function evolves

from its zero field London fornf(ne?/m) fyi/w] into 1

—_
a form with a reduced London component and several % -20% 10%
finite frequency absorption bands, which can be well 7 \ 5\\1_
represented as a finite sum of Lorentzian oscillators é 1.0 1‘:\\\ crTm
on(w,H) = (ne*/m) YL fi/lil0 — w;) + T;] where 3 fq

fi represents the strength of thih oscillator. Indeed, T -30% ;

two finite width oscillators(M = 2) in addition to a 0.9 -
reduced strength London ternfwy = 0, I = 0) is L
sufficient to describe the main features induced by vortex | | |

dynamics. The best fit with/ = 2 is shown as the dot- 1.00 5.26 24.6 190 1000
ted line in Fig. 2. The first oscillator is at low frequency
(w; = 3.15cm™!, in ECP mode) withf; = 0.14 (23% ® (cm™)  (log scale)

. ~ i A
B e L ST FI. . I, 1t s ot s frcion of )
. = L . The spectral weights of different frequency regions to the sum
is centered ato, = —24 cm™! (in the HCP mode) with ryle of Eq. (4) are indicated. The dashed line between laser
f»=0.11 (18% of fy) and a widthI’, = 17 cm™!, data points is a guide for the eye. The double dot-dashed
which produces the optical activity observed at higherine is the simple cubic spline extrapolation which behaves as
frequencies [8]. The remaining oscillator strength giveénW/flI ~ bﬁlor‘]’“ C.”]!.f]' ghe daSh?d line is the “model
fo = 036 (59% of £,0) SiNCefo + f1 + f2 = fio. extrapolation” which satisfies the sum rule.

The superfluidity of the condensed state leads to a
special sum rule orr(w). For pinned type Il super- ment of the analysis. A simple cubic spline interpolation
conductors the superfluid condensate response causes theéhe range+5.26 cm™! gives In|t* /t~| ~ w, which re-
low frequency conductivity to be dominated by the Lon-sults in~30% excess weight in the low frequency region
don screeningg(w — 0) ~ i/w + w8(w). Therefore compared to the high frequency region (double dot-dashed
t*(0,H)/t(0,0) is the ratio of the strength of two delta line in Fig. 3). There are two possible resolutions of this
functions which is a real number (féf < H.;). The left discrepancy. The first possibility is that there are other
hand side of Eqg. (3) is zero (when — 0) which leads to  (electronlike) chiral resonances in addition to the simple

the relation cyclotron resonance tail abo2®0 cm~! which balances
" the low frequency weight. Simulations show that an addi-
] In Iﬁ(w,H)/t’(a),H)ld—w —-0. (4) fional 7% mid-IR chiral resonance at500 cm™! will al-
0 ) low the sum role to be satisfied. However, this resonance

This sum rule provides a strong constraint on the magwould cause the optical activity to change sign twice be-
netotransmission data which is useful for setting thdow 500 cm~! and there has been no evidence for this in
extrapolations in the KKT analysis. Figure 3 showsour measurements up 200 cm™! [8]. The second possi-
|t"(w,H)/t (w,H)| as a function of Ifw) and the in- bility is that In|¢ /¢t~ | decreases faster thanat low fre-
tegral weight of Eq. (4) in the various frequency rangesquencies (belows cm™!). By using the two Lorentzian
Assuming that free hole behavior eventually dominatesnodel mentioned above for the model extrapolation and
the free carrier response at sufficiently high frequenciesshifting the low frequency oscillator to; > 0 (electron-
thenIn|t™/t|/w ~ w./w*r, which indicates a strongly like) we find that the sum rule can be satisfied (dashed line
convergent (or superconvergent) sum rule. Indeed, exselow5 cm™).
trapolation of the broadband data by the cyclotron res- Figure 4(a) shows the resulting [wr, (w,H)]/
onance model suggests that the frequency range beyomah [o(w,0)], which describes the modification of
190 cm™! contributes only about 10% to the integral. Wethe screening in the applied field. This ratio ap-
have also confirmed the observation of a sign reversal giroaches 0.55 as& — 0. In terms of the G-R model
the optical activity(7 /T~ — 1) in YBCO films [8] (the [1] Im [0 (0, H)]/Im[c(0,0)] = «/[x + (¢?/ gives
same batch of samples as in this Letter) at aBoutm™'.  « = 5.3 X 10° N/m?, which is consistent with diverse
Remarkably, this feature is seen to be a natural consezwave measurements [2,13]. The resonanctatm !
quence of Eq. (4). is seen inoy, in Figs. 4(b) and 4(c). According to the
Even though several different extrapolation schemesum rule the contributions of this resonance and the low
based on reasonable physical assumptions in the unmefaequency oscillator to Rler,,] at @ = 0 nearly cancel
sured regions(|w| < 5.26 cm™! and |w| > 200 cm™!)  leading to a suppressed Hall effect at low frequencies
give similar results and preserve the two oscillator pic{Fig. 4(b)]. There are additional smaller structures (for
ture of the conductivity, the use of Eq. (4) allows a refine-w > 50 cm™!) in the conductivity, many of which are
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that gives rise to the low frequency oscillator in addition
§ to a finite vortex mass response that gives rise to the
K1 pinning resonance and the weak vortex core resonance
g [7,8]. These observations suggest a model in which the
E: vortex is considered as a composite object consisting
& of massless vortex currents and a massive core with its
£ = . quantum structure. A paper describing this model will be
~ ! : { : —1 presented elsewhere [14].
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