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Optical Excitation of Quasiparticle Pairs in the Vortex Core of High-T, Superconductors
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A far-infrared resonance has been observed in superconducting YBaqCu307 thin films in the presence
of high magnetic 6elds. It corresponds to the quasiparticle pair creation process inside the vortex core.
The resonance frequency is cvv=1. 3kT, /h with a linewidth 1/r =0 6rv . Th. is value for cvv implies, within
BCS theory, a large energy gap in YBa2Cu307.

PACS numbers: 74.60.—w, 74.30.Gn, 74.75.+t, 78.20.Ls

In type-II superconductors the magnetic field pene-
trates into the material in the form of a lattice of vortices
each of which carries one quantum of flux @0. Near the
vortices the superconducting gap function /s. (r) is reduced
and there exist low-lying quasiparticle states which can
be thermally excited at temperatures much below the
critical temperature T,. The vortex lattice has been
directly observed in both conventional [1] and high-T, su-
perconductors [2] and the quasiparticle density inside the
vortex has been observed in scanning tunneling micro-
scope (STM) measurements on conventional supercon-
ductors [3]. A discrete excitation spectrum was predicted
by Caroli, de Gennes, and Matricon [4] and later investi-
gated in greater detail by Bardeen et al. [5]. Spectro-
scopic measurements that probe the quasiparticle energy
spectrum within the vortices have not been reported. The
energy scale of the spectrum is set by the confinement en-

ergy Eo h /nr(0 in the vortex core, where (0 is the su-

perconducting coherence length. For conventional super-
conductors (0=-1000 A and the level spacing is too small
to be measured by conventional techniques. For high-T,
materials, however, (0=20 A and 1 (m/rn, ( 3, so that
En=10 meV and the vortex spectrum becomes accessible
by far-infrared spectroscopy.

In this Letter we report the first spectroscopic observa-
tion of the quasiparticle pair creation process in the vor-
tex core. The measurements are performed on epitaxial
films of YBa2Cu307 (YBCO). We find a vortex pair
creation resonance at 6 co =9.5 meV and it has a
linewidth of 5.5 meV. These quantities provide a mea-
surement of the energy of the lowest quasiparticle state
and its decay rate through an analysis based on the BCS
theory.

In order to have transparency over a wide spectra1
range we used films grown by pulsed laser ablation on a
Si(100) substrate sandwiched between a =-800 A yttria-
stabilized-zirconia (YSZ) buffer layer and a =400 A
YSZ cap layer [6,7]. The YBCO film thickness d —=600
A as estimated by calibrated growth time. Electrical

resistance measurements give T, of 87 K (R =0) with a
transition width of ~ 2 K. The patterned-line critical
current densities of similarly grown films at 77 K are typ-
ically J,= 2 x 10 A/cm . X-ray rocking curve data
demonstrate c-axis orientation of these films to within
0.6'.

We first measured the transmission of a thin film in
zero magnetic field at 12 K using a fast-scan Fourier-
transform Michelson interferometer with a resolution set
to 1 cm '. Because of the very weak far-infrared signals
transmitted through the YBCO film, 6000 spectra were
taken and averaged in order to reduce the noise to an ac-
ceptable level. The transmission of the YBCO thin film
on its substrate and that of a Si substrate (reference spec-
trum) with a buffer YSZ layer was measured using a
sample holder designed to switch, in situ, the sample and
reference in and out of the far-infrared beam. The ratio
of these two transmissions gives the transmittance of the
thin film which is shown in Fig. 1. The transmission
coefficient of a film in the limit where the film thickness d
is small compared with X is given by r =2n/(n+ 1

+Zoad), where n is the refractive index of the substrate
and Z0=4rr/c is the impedance of free space. The low-

frequency conductivity of a London superconductor in
zero magnetic field is given by cr, =noe /rn iro, where no
is the particle density of the condensate. This form for
the conductivity has been found to be appropriate for
YBCO for frequencies below the gap frequency and at
low temperatures from infrared reflectivity studies [8,9].
Absorptivity measurements indicate that the real part of
the conductivity is small compared with a, but nonzero
[10]. With a, only, the transmission of a film relative to
the substrate is given by To=co /(co + 0 ), where
0 =4nnode [(n+1)m*c] '. This result is compared
with a measurement of the transmission of a YBCO film

in Fig. 1. The observed far-infrared transmission in Fig.
l is consistent with the calculated transmission except for
a 8 x 10 transmission background which we attribute to
radiation leakage around the film for the configuration of
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FIG. 1. Transmission of a thin YBCO film in absence of
magnetic field (H 0) at T 12 K. The data (dots) are ob-
tained by taking the ratio of the absolute transmission of the
sample to a Si(100) substrate. The solid line is the calculated
transmission for a thin superconducting film (as discussed in the
text) using 0 724 cm '. The finite transmission at I 0 is
due to a 0.8% light leakage around the sample for the geometry
of this measurement.

this measurement. Fitting the transmission data gives
724 cm ' for Q. The corresponding London length A,L is
consistent with the accepted value (1700 A) in YBCO to
within the uncertainty in the thickness of the film (20/o).

We have performed far-infrared transmission measure-
ments of this film at 2.2 K in magnetic fields up to 15 T.
For these measurements the far-infrared radiation was
guided to the sample using light pipe optics and the
transmitted signal was detected by a 2.2 K bolometer
placed below the sample and outside the magnetic field.
In order to avoid the leakage signal that was observed in

Fig. 1 we have mounted the sample on a 3-mm aperture
which was much smaller than the geometric size of the
sample. The sample substrate was mechanically wedged
with a 3' angle in order to avoid optical interference
effects. In Fig. 2 we present the results of these measure-
ments in the form of the ratio of the transmission in mag-
netic field divided by the transmission at zero magnetic
field T(H)/T(0). It has proven difficult to obtain
significant results for frequencies below 25 cm ' because
of the falloff of the Hg-vapor lamp source intensity and
the ru dependence of the transmission. T(H)lT(0)
displays an enhanced far-infrared transmission at low fre-
quencies that increases with applied magnetic field. At
high frequencies the transmission approaches the zero-
field value to within our experimental uncertainty
( ~ 2%) due to instrumental drift. The enhanced
transmission at low frequencies is qualitatively consistent
with the reduction in the condensate density due to the
presence of vortices. We interpret the broadened edgelike
feature at 77 cm as the vortex quasipartic)e pair exci-
tation resonance. To justify this interpretation we appeal
to an analysis based on the BCS theory of the quasiparti-
cle pair creation process in the vortex core.
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FIG. 2. Magnetotransmission measurements taken at 2.2 K
and at several magnetic fields (H is expressed in tesla at the left
of each spectrum). The data are obtained by taking the ratio of
the transmission of the sample at H to the zero-magnetic-field
transmission. The solid lines are given by a model calculation
as discussed in the text and fitted to the experimental data using

8.5 ps and cup=77 cm '. The oscillator strengths f used in
the model calculation to fit the data are shown in the inset as a
function of H. The dashed line represents the fraction of vortex
core area in the sample using Hp 100 T.
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FIG. 3. The gap function h(r), in the vicinity of the vortex
core, and the vortex bound quasiparticle energy levels represent-
ed schematically. The lowest excited states are p ~ —,

'
which

occur at energies + E~g2. The dotted vertical arrow represents
the optical quasiparticle pair creation process. The quasiparti-
cle states are confined on the scale of (0.

To treat the optical properties of this system we take
the 2D model (i.e., we take the c-axis mass m, much
greater than the in plane mass m, ) and examine the opti-
cal response of a single pinned vortex within the simple
s-wave BCS theory. Therefore, we ignore the Abriko-
sov-lattice effects observed by Hess, Robinson, and
Waszczak by STM measurements [11J. The bound
quasiparticle states of the isolated vortex can be labeled
by the angular momentum p which takes on half-integer
values [5]. The vortex bound quasiparticle spectrum is
shown schematically in Fig. 3 where we have used the
semiconductorlike representation. Within this picture the
lowest excited states are the p ~ —,

' states which occur
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at energies + Eig2, where p labels the angular momen-
tum. Therefore the lowest energy for the creation of a
pair of quasiparticles is A, m=2Eig. From the theory we

can write Eiiz =Kh /EF, where 6 is the gap energy far
from the vortex, EF is the Fermi energy, and K is a di-
mensionless constant. Numerical calculations give K
=—0.75 for the value of EF/5= 7—relevant for YBCO [12].
The value of K is relatively insensitive to EF/A.

To treat the optical response we have calculated the
conductivity using a Kubo formula approach. The calcu-
lated quantity is Z fad r for one isolated vortex. The
result at finite frequencies in the lossless limit is

(z/Aco)Na8(co —2Eii2)~Q~, where Q is the current
matrix element for the transition and No=d/co is the
density of states associated with the c-axis degree of free-
dom in the m, =cc case, where co is the unit-cell dimen-
sion. For finite m, the density of states has a (ro
—2E|i2) 'i singularity due to k, dispersion of the pair
spectrum. The matrix element Q for the p = ——,

'

p 2 transition is nonzero only for the hole-
cyclotron-resonance active mode of circularly polarized
light (the carriers are assumed to be holes) [12]. Its
magnitude is (Q ~ Ki hekF/2m„where kF is the Fermi
momentum and Ki is a dimensionless constant. We esti-
mate K~=-1.4 from numerical calculations of the wave

functions [12]. The only other transitions from the

ground state allowed by angular momentum conservation
involve the transitions to the continuum states above the

gap [11].
Since the system is in the mixed state we must treat the

optical response of an inhomogeneous system. We first
define an average conductivity of the vortex, a„=Z/V„,
where V, is the vortex volume. The conductivity is spa-
tially dependent, which leads to depolarization currents in

the optical excitation process. This effect should be treat-
ed by a proper nonlocal calculation, such as the density-
functional technique, which has been used for semicon-
ductor heterostructures [13]. In this Letter we use a

simpler technique which has proven adequate for hetero-
structures, giving results in good agreement with the
density-functional approach and experiments [14]. In
this approach we treat the single vortex as a cylinder of
dielectric function s„embedded in the superconducting
medium with dielectric function s, . The internal field in

the vortex is then given by E„=E,—LP, where L is the
depolarization factor and P is the polarization of the
cylinder. For a cylinder, L =2m and we can express the
internal field in terms of the field in the medium:
E„=2E,(1+e./~, ) -'.

For the superconducting medium s, =4xcr, (iso)
= —(c/coXL, ), where A,L is the London penetration depth
[15]. For the vortex we take a lifetime-broadened
Lorentzian centered at cog =2Eig2..

4~ 4xn„e /mr
2

&v= . &v=
iso

"
co(coo co+i/r )—'

where n, is the effective carrier density in the vortex. n,

1S4

is given by the optical strength of the p = —
2

— p =
2

process which is proportional to ~Q~ . The f-sum rule

states that JZdho=irne V,/2m„where V„ is the effective
volume of the vortex. To estimate the strength of the pair
creation process we can integrate X to find n„[12]. Using
the BCS expression for the coherence length, (o=hvp/
zd, , we have n„=x Kid(kF(0) /8KcoV„, . We can write

V, =z(a(0) d, with a(0 as the effective radius for appre-
ciable oscillator strength of the pair creation process. If
we assume that the optical process exhausts the sum rule,
we have n„=no, and we obtain @=4. This shows that
the effective volume of the vortex is considerably larger
than the vortex volume @god. To obtain a more precise
calculation of the optical strength it wi11 be necessary to
treat the nonlocal conductivity more carefully. The
effective conductivity in the vortex is then

2o, n pe 2/m,

I+c,/e, P/r+i(ro —Proo)
'

where P =no/(no+n, ). We see that the resonance condi-
tion becomes co„=Pro. For what follows we assume that
n, =nii, so that P=0.5 and within these approximations
the position of the resonance is co, =E~~2 which is the
quasiparticle energy.

The effective average conductivity of the system is then

oeff = (1 f)a, +fo—„„where f is the fraction of the
volume occupied by the vortices, and f~H. Using this
form of o,g we have fitted the transmission data as shown

as the solid lines in Fig. 2. The fitting parameters were

coo, I/r, and f. The model is seen to provide an excellent
description of the experiments. There are small systemat-
ic deviations at low frequencies which appear to be out-
side of the noise in the measurements. The downward de-

viation at low fields we understand in terms of the leak-

age signal TL. Including the leakage effect in the fitting
we find that TL ~ 5 x 10 . The low-frequency positive
deviations at high magnetic fields are not understood at
this time. We have also used a Maxwell Garnett [16]
eff'ective medium theory (modified for cylindrical in-

clusions) to analyze these data. The calculated line

shapes remain the same but the f values are a factor of 2

smaller. From the fits we find that Pavo=77~3 cm
and P/r =45+ 6 cm ', nearly independent of H.

The inset in Fig. 2 shows the resulting f vs H. The
dashed curve is based on f= H/Ho with Ho = 100 T
which compares reasonably with estimates of H, z. As the
field is raised above 7 T it appears that the oscillator
strength saturates. The theory presented here considers a

completely pinned vortex model. Recently, Hsu has
treated the case of damped vortex motion [17]. In this

case the vortex motion must also be included in the opti-
cal response. This model also predicts a resonance for
co=d /EF but the sele—ction rule for circular polarization

is relaxed [17]. Moreover, Hsu finds that the oscillator
strength depends on z, the damping parameter, and van-

ishes in the absence of damping. Therefore the observed

saturation of the oscillator strength may depend on the
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nature and distribution of the pinning centers in the film.
We have also attempted to check the angular momentum
selection rule as predicted by the pinned vortex model by
performing transmission measurements with circular po-
larized light. The result is not yet conclusive, however,
since the expected signal is found to be dominated by the
magneto-optical activity of the condensate which will be
reported elsewhere [18]. We conclude that further exper-
imental and theoretical work will be required to establish
the proper description of the vortex optical response.

The general shape of the curves in Fig. 2 are to be un-

derstood in terms of the modifications of the London
screening due to the vortex excitation resonance since the
transmission is dominated by Im(cr, tr) Th. erefore the line

shape has an antiresonance rather than a resonance char-
acter. The observed quasiparticle relaxation rate, I/r =6
meV, is only somewhat smaller than Ett2. One possible
mechanism for this large relaxation rate is scattering into
the chain states.

We can use these results for tao to obtain an estimate of
From the equation for Et' we get d, Et(26 kF/

2ttttK. Taking 0.25 hole per unit cell [8] we can estimate
kF=3X10 cm ' in a free-carrier model. Taking m,
=-m, we find 6=-65 meV. We note that this implies,
within BCS theory, a coherence length (o=-13 A which is
within the range of accepted values. The value of 6, how-

ever, is somewhat larger than that estimated from other
experiments [8,19]. Taking larger masses reduces 6 but
then makes go smaller than expected. These results
should be considered as an indication that the simple
BCS theory does not provide an adequate description for
the high-T, superconductors. However, the large excita-
tion energy E~y2 does suggest a large energy scale in these
materials.
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