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Coherent terahertz spectroscopy is used to measure the complex conductivity of thin films of
Bi2Sr2CaCu2O81d in the vortex state as a function of frequency, temperature, and applied magnetic
field. We report an unusual sublinear power law dependence of the high-frequency magnetoconductivity
DssHd ; ssHd 2 ss0d on magnetic field. Over a broad range of field and temperature,Ds2 varies
as Ha , with a ø 1

2
. We present a model based on the nonlinear London electrodynamics predicted

for a d-wave superconductor which quantitatively explains these results using only parameters obtained
from zero-field measurements. [S0031-9007(98)06220-6]

PACS numbers: 74.25.Gz, 74.25.Nf, 74.60.–w, 74.76.Bz
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There is widespread agreement that the high-Tc cuprates
are “unconventional” superconductors whose propert
are at odds with expectations based ons-wave pairing.
However, the impact of unconventional gap structure
some of their macroscopic properties has not been fu
appreciated. For example, the high-frequency electro
namics of the vortex state have been widely assumed
reflect the dynamics of vortex motion as in convention
superconductors. In this paper we report measurement
the high-Tc superconductor Bi2Sr2CaCu2O81d (BSCCO)
which are not consistent with this assumption. We d
scribe an alternative picture based on the nonlinear Lond
relation in unconventional superconductors [1–3]. W
show that this picture accounts quantitatively for vorte
state electrodynamics, without reference to phenome
logical pinning force constants or viscosities, using on
parameters obtained from zero-field measuremen
Within this model, the vortex-state electrodynam
response provides a high-resolution spectrum of t
quasiparticle density of states in the superconducting st

High-frequency measurements provide a direct test
models of vortex-state electrodynamics [4]. The respon
is probed using low currents (1025 of the critical cur-
rent) at frequencies where pinning is unimportant. We u
time-domain spectroscopy to continuously span the f
quencysvy2pd range from 50 to 250 GHz. We focus on
the change in the response functions,ssvd or rsvd, due
to the application of static magnetic fields above the fi
critical field Hc1. Using coherent detection to determin
both amplitude and phase of the transmission coefficie
we can directly determine the complex response functio
without assumptions or additional measurements.

The samples are 655 and740 Å thick BSCCO films
grown on f100g LaAlO3 using atomic layer-by-layer
molecular beam epitaxy, with resistively measuredTc ’s of
78–80 K. The films arec-axis oriented so that the high
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frequencyE field lies in thea-b plane. The composition
of the samples is carefully controlled to ensure that the
are free of second-phase defects [5]. Their resistanceR is
linear in T aboveTc. The ratioRs300 KdyRs0d is ø10,
whereRs0d is the extrapolated resistance atT  0. Re-
cent high-resolution photoemission on films grown unde
the same conditions show normal and superconducti
spectra consistent with the bulk-crystal analog [6].

Figure 1 presents theH and T dependences ofDs

measured near the center of our frequency range,
vy2p  150 GHz, for H along the c axis. Panels
(a) and (b) show the real and imaginary parts ofDs,
respectively, as a function of magnetic field up to 7 T

FIG. 1. Real and imaginary parts ofDs ; ssHd 2 ss0d at
150 GHz.
© 1998 The American Physical Society 1485
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for several temperatures. The change in conductiv
with field is highly nonlinear, despite the fact that th
average vortex density is linearly proportional toH. The
imaginary part,s2, drops with increasing field to abou
60% of its zero-field value.jDs2j varies approximately
as Ha (with a ø 1

2 ) and is remarkably insensitive to
T given the large changes in vortex mobility over th
measured range. The changes in the real part of
conductivity, s1, are more complex. At lowH, s1
increases in parallel with the decrease ins2. At larger
H, s1 flattens and eventually decreases.

Models based on vortex motion [7–10] have been us
almost universally to account for changes in electrod
namic response due to magnetic fields aboveHc1. For ex-
ample, an increase in surface resistance,Rs (at 45 GHz),
proportional toH1y2 for fields above 0.1 T was recently re
ported in Bi2Sr2CaCu2O81d single crystals [11]. This de-
pendence onH was ascribed to free flow of vortices, wher
DRs ~ H1y2 obtains at high fields [12]. Because interpre
tations based on vortex motion are so widely assumed,
begin by comparing our results with the predictions of vo
tex dynamics models.

While the Dssvd shown in Fig. 1 is consistent with
DRs ~ H1y2, resolving both real and imaginary compo
nents of the response shows that the electrodynam
cannot be explained by free-flux flow. The free-flow con
ductivity is simply the reciprocal of the Bardeen-Stephe
resistivity rB-S, implying a Ds that is real and propor-
tional to 1yH. Our data show instead thatDs is pre-
dominantly imaginary and proportional toH1y2. Ds2
dominates the behavior of theRs, leading toDRs ~ H1y2.

While the observation thatDs2 . Ds1 is inconsistent
with free-flux flow, it does not rule out all models base
on vortex motion. Changes in the imaginary part ofs

appear in vortex dynamic models that go beyond free flo
of vortices and include pinning [7–10]. These mode
enable calculation of the vortex-induced resistivityDrsHd
from dc to high frequencies in terms of phenomenologic
viscosity, pinning, and disorder parameters.

For comparison of vortex models to our data we use t
work of Coffey and Clem (CC) [8], which neatly exhibits
the essential aspects of the vortex dynamics picture. Th
modeled the vortex liquid as a Brownian particle diffusin
on a periodic potential with amplitudeU and curvaturek.

Figure 2 comparesDr1 obtained from the model (solid
lines) with Dr1 measured atdc (circles) [13] and at high
frequency (squares). The resistivity has been normaliz
to the Bardeen-Stephen resistivity to provide a useful
mensionless measure of the magnetoresistivity per vort

Departures from linearDrsHd arise in the model
when the barrier heightU is field dependent. Adjusting
this parameter for best fit allows the model to accou
well for the dc data, but theUsHd obtained fails to
describe, even qualitatively, the high-frequency data. T
magnetoresistivity per vortex becomes singular at lo
H, while the CC resistivity becomes field independen
To describe the high-frequency data,UsHd would have
1486
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FIG. 2. RefDrg normalized to the Bardeen-Stephen resistivity
provides a dimensionless measure of the dissipation per vorte
Representative data atvy2p  150 GHz, T  50 K, (solid
squares) show a dramatic divergence asH ! 0. This behavior
is not present in a model based on vortex dynamics, shown
solid lines forvt0  0, 3, and 1 (the curves approach a flat line
at unity asvt0 ! `). t0 is the characteristic vortex relaxation
time in the model. The dashed line through the 150 GHz da
is a fit to the model discussed in the text, based ond-wave
superconductivity.

to have the opposite field dependence at high frequen
as it does at low. This artificial requirement contrast
with the natural explanation that follows fromd-wave
electrodynamics.

This alternative model is based on the intrinsic non
linear response of superconductors [14], as it is man
fested ind-wave materials [1–3]. The London relation
$Js  nses $nsd $ns expresses the electrodynamic response
the superfluid. [Herens is the superfluid density and
mp $ns  =wy2 1 s2eycd $A, wheremp is the Cooper pair
mass andw is the condensate phase.] The London rela
tion is nonlinear because the creation energy of a qua
particle of velocity $n shifts by´qps $nd  smpy2d $ns ? $n in
the presence of a superflow [15]. The decrease in cr
ation energy for quasiparticles whose velocity oppose
the superflow leads to enhanced quasiparticle occupati
and reducedns. In s-wave superconductors the reduc
tion in ns is exponentially small untiĺ qp approachesD.
For d-wave superconductors with maximum gapD0, Yip
and Sauls [1,2] predicted a much larger change inns be-
cause quasiparticle creation energies extend down to ze
They found a fractional reduction given by2Dnsyns ø
2´qpymD0, wheremD0 is the rate of increase of the gap
with angular displacement from the node,≠Dsudy≠u.

The vortex state is accompanied by a strong and inh
mogeneous superflow field. The range of´qp associated
with this flow extends up toD0. In the following we de-
termine if the resulting depletion in superfluid density ca
account for vortex-state electrodynamics in BSCCO.

As a first step, we quantify the change inssvd due to a
reduction inns. Our starting point is the two-fluid model,
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which describes the conductivity in the superconductin
state as the sum of normal and superfluid contribution
i.e., s  ss 1 sn, where ss  inse2ympv and sn 
nne2ymp Ssvd. Ssvd is the frequency dependence of th
quasiparticle conductivity. The cuprates are clean lim
superconductors in whichns 1 nn equals the normal state
carrier densityn. The change ins due to a conversion
of super to normal fluid [assumingSsvd is unchanged] is
proportional toDxn ; Dnnyn. It is given by

Ds  v2
pDxnfSsvd 2 iyvg , (1)

wherevp is the plasma frequency. Equation (1) predic
a reductions2 proportional toDxn for frequencies below
the quasiparticle scattering rate (whereS is purely real).

Because the superflow in the vortex state is spatia
nonuniform, we must average the local changeDxnsrd
over the unit cell of the vortex lattice. We approximat
the Wigner-Seitz cell as a circle of radiusRy2, where
R  2sw0ypHd1y2 is the intervortex separation, to obtain

DxnsRd >
1

psRy2d2

Z Ry2

2prDxnsrd dr , (2)

whereDxn is the spatial average ofDxnsrd. Notice that
Dxn has acquired an implicit dependence onH through
the upper limit of integrationRy2.

The form of DxnsHd expected for a cleand-wave su-
perconductor can be easily derived by analogy to the c
culation of the density of states in the vortex state [16
The Yip-Sauls prediction forDxns´qpd, together with the
vortex superflow relationnssrd  h̄ympr, predicts a local
increase in normal density proportional to1yr. Substitut-
ing Dxnsrd ~ 1yr into Eq. (2) yieldsDxn ~ 1yR ~ H1y2.
Thusd-wave superconductivity provides a natural expla
nation for power law variation in the magnitude of the
electrodynamic response functions, which is closely r
lated to power laws seen in the specific heat [17].

While the variation ofDs2 with H shown in Fig. 1 is
close to the predicted power law of1

2 , it is measurably
different. To describe the departure from the cleand-
wave prediction, we no longer assume the Yip-Sau
resultDxn ~ ´qp as in the previous analysis. Instead, w
determineDxn as a function of eitheŕ qp or r directly
from the experimental data, using the procedure describ
below.

Using Eq. (1), we obtainDxnsHd from the measured
Ds2svd. This function determinesDxnsrd, as can be seen
by differentiating both sides of Eq. (2) with respect toR,

Dxnsrd 
1

4r
d

dR
fR2DxnsRdgjRy2r . (3)

In Fig. 3 we plot Dxn obtained from Eq. (3) as a
function of 1yr, rather thanr, for reasons which we
clarify momentarily. Our experiment accesses a ran
of r from 100–1200 Å, or half the vortex separation in
the field range from 0.05 to 7 T. TheDxns1yrd shown
in Fig. 3 is very different from that expected for vortice
in an s-wave superconductor with the same average ga
For the s-wave case we expectDxn to be unity within
g
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approximately 15 Å of the vortex center and fall to
essentially zero outside this “core.”

The plot ofDxns1yrd depictsDxns´qpd as well because
the scale of1yr is linearly proportional tó qp . Given
that ns  h̄ympr, the local´qp is simply h̄nnFy2r when
the current is along a nodal direction. ($nnF is the Fermi
velocity near the node.) Since the vortex current is
circular, we must average over all directions of superflow
This introduces a factor of4yp and gives an average
quasiparticle energy shiftk´qpl at distancer from the
vortex center ofs2ypd sh̄nnFyrd. To convert the1yr to
a scale ofk´qpl we useh̄nnF  140 meV nm, the value
determined from angle-resolved photoemission (ARPES
in the normal state [18].

Performing this conversion in Fig. 3, we see thatDxn

vs k´qpl is linear for quasiparticle energies greater than
ø3 meV. Recall that the cleand-wave model indeed pre-
dicts thatDxn vs k´qpl is linear, with the same constant
of proportionality that relatesu to Dsud near the node.
The dashed line through the data points in Fig. 3 is no
a fit, rather it is a plot ofu vs Dsud taken directly from
ARPES in the superconducting state [19]. The remark
able agreement in slope,s54 meVd21, between these two
experiments indicates thatd-wave nonlinearity quantita-
tively describes vortex-state electrodynamics in BSCCO
This description involves no adjustable parameters, on
independently measured zero-field parameters:vp, h̄nnF ,
andmD0.

Figure 3 shows thatDxns´qpd is nonlinear at low ener-
gies. The departure from linearity belowø3 meV cor-
responds to a departure fromH1y2 behavior for fields
below 0.2 T. Possible origins for this departure are non
zero temperature, disorder, and probing frequency. Th
fact that the departure from linearity remains at 3 meV
over a broad range of temperature up to 60 K tends to ru

FIG. 3. Change in the fraction of normal electronsDxn vs
inverse distance from the vortex core1yr (lower axis) and
vs quasiparticle energy shiftk´qpl (upper axis). The dashed
line shows the rate of gap increase away from the node a
determined by angle-resolved photoemission.
1487
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out finite temperature effects. Another possibility is a d
viation from the cleand-wave density of states near 3 meV
above the Fermi energy. Finally, it is possible that the d
parture from linearity is related to the probing frequenc
[20]. At each point in the sample, the superflow mod
fies the quasiparticle density of states (QPDOS) only
energies below the local value of´qp. Consequently, we
expectDs to become smaller when probe photon energ
h̄v begins to exceed́qp . Our measurements indicate tha
the departure fromH1y2 is indeed more pronounced at th
high frequency end of our range [21].

The above discussion demonstrates thatd-wave nonlin-
earity accounts well for the reduction in superfluid den
sity, and consequently ins2, due to magnetic fields. This
effect alone is clearly not sufficient to account for th
more complex changes ins1 shown in Fig. 1. From
Eq. (1) we expect thatDs1 may be more complicated
than Ds2, becauseSsvd can change with applied field,
due to a field-dependent quasiparticle scattering rate,
example, [22]. The small jump ins1 at very small fields
could be due to extrinsic effects.

The success ofd-wave nonlinearity in explaining
high-frequency electrodynamics in BSCCO suggests a
examination of the most heavily studied cuprate supe
conductor, YBa2Cu3O7 (YBCO). YBCO differs from
BSCCO in thatDs2 is nearly linear in field, as compared
with H1y2 [4,21]. Because of this linearity, vortex dy-
namic models with a field-independentk seem to present
a natural interpretation of the microwave magnetocondu
tivity. However, the vortex dynamics interpretation yield
a characteristic relaxation rate in the tens of GHz regim
[4], and predicts that above this frequency the chang
in either s or r will be purely real. Recently, Parks
et al. [23] reported thatDs2ys2 remains the same up to
frequencies as high as 500 GHz. Although they sugges
the nonlinear London response as an alternate mechan
the linearity ofDs2 with H presented a serious problem
for this interpretation.

Given our observation ofH1y2 behavior in BSCCO,
the issue of vortex-state electrodynamics in YBCO b
comes more sharply defined. As the low-energy QPDO
is thought to be similar in both materials,d-wave nonlin-
earity should be seen in YBCO as well. The fact that th
fractional reduction inns is smaller in YBCO [21] must
be considered as well. One cannot argue, for examp
that the vortex dynamic contribution in YBCO dominate
the H1y2 contribution, because then the total change mu
be greater.

We suggest instead that the magnetoconductivity
YBCO is dominated by essentially the same physics
in BSCCO. To explain linearity inH, the extent of
normal fluid around each vortex must be cut off at abo
10 nm, such as by a field-induced gap in the QPDO
Another possible explanation is that spatial distributio
of vortices in YBCO is inhomogeneous, as suggested
recent scanning tunneling microscopy observations of t
mixed state [24]. If the intervortex separation does n
1488
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vary simply asH1y2, the H1y2 singularity can be lost.
Indeed, the small deviations fromH1y2 in BSCCO could
reflect deviations from the equilibrium vortex spacing a
low field, rather than an intrinsic effect.

To summarize, we have measuredDssv, H, T d in
BSCCO thin films. We found a power law dependence
H that is inconsistent with vortex motion. We explained
these changes quantitatively using parameters availa
from zero-field measurements of the complex conductivi
and ARPES, without introducing phenomenological vor
tex dynamic parameters. The success of this model su
gests that the high-frequency electrodynamic response
the mixed state is dominated by enhanced pair breaki
due to nodes in the gap function.
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