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Coherent terahertz spectroscopy is used to measure the complex conductivity of thin films of
Bi,SnCaCuyOg+5 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
Ao(H) = o(H) — o(0) on magnetic field. Over a broad range of field and temperat\e, varies
as H*, with a = ;- 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

There is widespread agreement that the Higlouprates  frequencykE field lies in thea-b plane. The composition
are “unconventional” superconductors whose propertiesf the samples is carefully controlled to ensure that they
are at odds with expectations based sswave pairing. are free of second-phase defects [5]. Their resist&nise
However, the impact of unconventional gap structure orinear in T aboveT.. The ratioR(300 K)/R(0) is =10,
some of their macroscopic properties has not been fullwhereR(0) is the extrapolated resistancefat= 0. Re-
appreciated. For example, the high-frequency electrodyeent high-resolution photoemission on films grown under
namics of the vortex state have been widely assumed tthe same conditions show normal and superconducting
reflect the dynamics of vortex motion as in conventionalspectra consistent with the bulk-crystal analog [6].
superconductors. In this paper we report measurements in Figure 1 presents thé/ and T dependences oAo
the high7, superconductor BSrn,CaCuyOg.s (BSCCO) measured near the center of our frequency range, at
which are not consistent with this assumption. We dew /27 = 150 GHz, for H along the ¢ axis. Panels
scribe an alternative picture based on the nonlinear Londoga) and (b) show the real and imaginary partsof,
relation in unconventional superconductors [1-3]. Werespectively, as a function of magnetic field up to 7 T,
show that this picture accounts quantitatively for vortex-

state electrodynamics, without reference to phenomeno- 5 y 4
logical pinning force constants or viscosities, using only - 4 i -1 o |
parameters obtained from zero-field measurements. e | o g °
Within this model, the vortex-state electrodynamic CI} 3t g ) .
response provides a high-resolution spectrum of the =4 02
gquasiparticle density of states in the superconducting state. VN 2f & 220K 4 40K -
High-frequency measurements provide a direct test of 2 . ? 630K ® 50K
models of vortex-state electrodynamics [4]. The response ' y b |
is probed using low currentsl@ > of the critical cur- oi . " . .( )
rent) at frequencies where pinning is unimportant. We use I o2 ¢ 2 " .
time-domain spectroscopy to continuously span the fre- 08 } .ﬁngA A A .
guency(w /27r) range from 50 to 250 GHz. We focus on & 1 © A
the change in the response functiongw) or p(w), due G 06 <><><_>Q R 8 '
to the application of static magnetic fields above the first S~ 0.4 om o |
critical field H.;. Using coherent detection to determine o . "
both amplitude and phase of the transmission coefficient, < g, B= ]
we can directly determine the complex response functions (a) 1
without assumptions or additional measurements. 0.0 —_
The samples are 655 a0 A thick BSCCO films 0 2 H4T 1 6 8
grown on [100] LaAlO; using atomic layer-by-layer K H (Tesla)

molecular beam epitaxy, with resistively measufets of  FiG. 1. Real and imaginary parts dfc = o(H) — o(0) at
78-80 K. The films are-axis oriented so that the high- 150 GHz.
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for several temperatures. The change in conductivity : " T y T y T
with field is highly nonlinear, despite the fact that the
average vortex density is linearly proportionalHo The
imaginary part,o,, drops with increasing field to about ]
60% of its zero-field value.|Ao| varies approximately 3t ' " o2n =150 GHz i
as H* (with a = %) and is remarkably insensitive to @& 7| g Vortex dynamics
T given the large changes in vortex mobility over the 2 »‘i‘ --------- Clean d-wave 1
measured range. The changes in the real part of the & ) .
conductivity, o;, are more complex. At lowH, o I LR
increases in parallel with the decreasedip. At larger R .
H, o, flattens and eventually decreases. T e " y
Models based on vortex motion [7—10] have been used '
almost universally to account for changes in electrody-
namic response due to magnetic fields abBve For ex-
ample, an increase in surface resistarte(at 45 GHz), 0 2 4
proportional taH /2 for fields above 0.1 T was recently re- n H(Tesla)
ported in ByS,CaCuOs+s single crystals [11]. Thisde- - o RéA p] normalized to the Bardeen-Stephen resistivity
pendence oil was aSC”F’ed t_o free flow of vort|ce_s, where provides a dimensionless measure of the dissipation per vortex.
AR, = H'/? obtains at high fields [12]. Because interpre- Representative data ab/27 = 150 GHz, T = 50 K, (solid
tations based on vortex motion are so widely assumed, weguares) show a dramatic divergencedas- 0. This behavior

begin by comparing our results with the predictions of vor-is not present in a model based on vortex dynamics, shown as
tex dynamics models. solid lines forw 7y = 0, 3, and 1 (the curves approach a flat line

. . . . . ... atunity asw7y — ). 7 is the characteristic vortex relaxation

While Ef)ze Ao (w) shown in Fig. 1 is consistent With e i the model. 'The dashed line through the 150 GHz data
AR, « H'/*, resolving both real and imaginary compo- js a fit to the model discussed in the text, baseddewave
nents of the response shows that the electrodynamicsiperconductivity.

cannot be explained by free-flux flow. The free-flow con-
ductivity is simply the reciprocal of the Bardeen-Stepherto have the opposite field dependence at high frequency
resistivity pg_s, implying a Ao that is real and propor- as it does at low. This artificial requirement contrasts
tional to 1/H. Our data show instead thato is pre- With the natural explanation that follows fromt-wave
dominantly imaginary and proportional t&#'/2. Ag,  €lectrodynamics.
dominates the behavior of th, leading toAR, « H'/2. This alternative model is based on the intrinsic non-
While the observation thako, > Ao is inconsistent linear response of superconductors [14], as it is mani-
with free-flux flow, it does not rule out all models basedfested ind-wave materials [1-3]. The London relation
on vortex motion. Changes in the imaginary parteof Js = nse(7;)7,; expresses the electrodynamic response of
appear in vortex dynamic models that go beyond free flovthe superfluid. [Heren, is the superfluid density and
of vortices and include pinning [7—10]. These modelsm™?; = Ve /2 + (2¢/c)A, wherem™ is the Cooper pair
enable calculation of the vortex-induced resistivity(H)  mass andy is the condensate phase.] The London rela-
from dc to high frequencies in terms of phenomenologicaltion is nonlinear because the creation energy of a quasi-
viscosity, pinning, and disorder parameters. particle of velocity? shifts by eq, (7) = (m*/2), - 7 in
For comparison of vortex models to our data we use théhe presence of a superflow [15]. The decrease in cre-
work of Coffey and Clem (CC) [8], which neatly exhibits ation energy for quasiparticles whose velocity opposes
the essential aspects of the vortex dynamics picture. Thethe superflow leads to enhanced quasiparticle occupation
modeled the vortex liquid as a Brownian particle diffusingand reduced:;. In s-wave superconductors the reduc-
on a periodic potential with amplitudé and curvaturec.  tion in ng is exponentially small untik,, approaches\.
Figure 2 compared p; obtained from the model (solid For d-wave superconductors with maximum gap, Yip
lines) with Ap; measured atlc (circles) [13] and at high and Sauls [1,2] predicted a much larger changeitve-
frequency (squares). The resistivity has been normalizedause quasipatrticle creation energies extend down to zero.
to the Bardeen-Stephen resistivity to provide a useful diThey found a fractional reduction given byAn;/n, =
mensionless measure of the magnetoresistivity per vorteReq, /Ao, Whereu A is the rate of increase of the gap
Departures from linearAp(H) arise in the model with angular displacement from the node\(6)/a6.
when the barrier height/ is field dependent. Adjusting  The vortex state is accompanied by a strong and inho-
this parameter for best fit allows the model to accounimogeneous superflow field. The rangesgf associated
well for the dc data, but theU(H) obtained fails to with this flow extends up td,. In the following we de-
describe, even qualitatively, the high-frequency data. Théermine if the resulting depletion in superfluid density can
magnetoresistivity per vortex becomes singular at lowaccount for vortex-state electrodynamics in BSCCO.
H, while the CC resistivity becomes field independent. As a first step, we quantify the changedfiw) due to a
To describe the high-frequency datd(H) would have reduction inng. Our starting point is the two-fluid model,
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which describes the conductivity in the superconductingapproximately 15 A of the vortex center and fall to
state as the sum of normal and superfluid contributionsgessentially zero outside this “core.”

ie., o = o, + o, Wwhereo, = inge’/m*w and o, =

The plot of Ax,(1/r) depictsAx,(eqp) as well because

n,e?/m* S(w). S(w) is the frequency dependence of thethe scale ofl/r is linearly proportional toe,,. Given
quasiparticle conductivity. The cuprates are clean limithatv, = ii/m*r, the localey, is simply fiv,r/2r when

superconductors in which, + n, equals the normal state
carrier densityz. The change irr due to a conversion
of super to normal fluid [assumin§ w) is unchanged] is
proportional toAx,, = An, /n. ltis given by

Ao = wiAxn[S(w) —i/w], ()

the current is along a nodal directionz,¢ 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 od/7 and gives an average
quasiparticle energy shifteq,) at distancer from the
vortex center of2/#) (hv,r/r). To convert thel/r to

wherew, is the plasma frequency. Equation (1) predictsy gcgle of(eqp) We useliv,r = 140 meV nm, the value

a reductiono, proportional toAx, for frequencies below
the quasipatrticle scattering rate (whérés purely real).

determined from angle-resolved photoemission (ARPES)
in the normal state [18].

Because the superflow in the vortex state is spatially Performing this conversion in Fig. 3, we see tiat,

nonuniform, we must average the local chanfe,(r)

VS (gqp) Is linear for quasiparticle energies greater than

over the unit cell of the vortex lattice. We approximate ~3 mey. Recall that the clead-wave model indeed pre-

the Wigner-Seitz cell as a circle of radiu/2, where
R = 2(po/mH)"? is the intervortex separation, to obtain

dicts thatAx, vs (gqp) is linear, with the same constant
of proportionality that relate® to A(#) near the node.

The dashed line through the data points in Fig. 3 is not
a fit, rather it is a plot of# vs A(#) taken directly from
ARPES in the superconducting state [19]. The remark-
able agreement in slop&4 meV) !, between these two
LR ) experiments indicates that-wave nonlinearity quantita-
the upper limit of integratiom /2. tively describes vortex-state electrodynamics in BSCCO.
The form of Ax, (H) expected for a clead-wave SU-  Thig description involves no adjustable parameters, only
perconductor can be easily derived by analogy to the Cak‘ndependently measured zero-field paramet@ys: fiv,r,
culation of the density of states in the vortex state [16]'and,uA0.
The Yip-Sauls prediction foAx,(gqp), together with the Figure 3 shows thahx,(sq, ) is nonlinear at low ener-
vortex superflow relatiom(r) = /i/m"r, predicts alocal  gias™ The departure from qlpi’nearity below3 meV cor-
increase in normgl density pro_portionallt;ér. Substitut- responds to a departure fromi'/? behavior for fields
ing Ax,(r) « 1/r into Eq. (2.) .yleldSA).‘” *1/R = H'/2. below 0.2 T. Possible origins for this departure are non-
Thusd-wave superconductivity provides a natural expla-;erq temperature, disorder, and probing frequency. The
nation for power law variation in the magnitude of the 5. that the departure from linearity remains at 3 meV

electrodynamic response functions, which is closely reqyer 3 broad range of temperature up to 60 K tends to rule
lated to power laws seen in the specific heat [17].

While the variation ofAo, with H shown in Fig. 1 is
close to the predicted power law éf, it is measurably
different. To describe the departure from the clean
wave prediction, we no longer assume the Yip-Sauls
resultAx, = gqp as in the previous analysis. Instead, we
determineAx, as a function of eithee,, or r directly
from the experimental data, using the procedure described
below. .
Using Eq. (1), we obtaimx,(H) from the measured 2
Ao>(w). This function determinedx, (r), as can be seen
by differentiating both sides of Eq. (2) with respectip

©)

In Fig. 3 we plot Ax, obtained from Eqg. (3) as a 0.00
function of 1/r, rather thanr, for reasons which we 0
clarify momentarily. Our experiment accesses a range
of r from 1001200 A, or half the vortex separation in
the field range from 0.05 to 7 T. Th#&x,(1/r) shown
in Fig. 3 is very different from that expected for vortices
in an s-wave superconductor with the same average ga
For the s-wave case we expedx, to be unity within

R/2
A%, (R) = — f 2rrbx, (N dr,  (2)

w(R/2)?
where Ax, is the spatial average dx,(r). Notice that
AXx, has acquired an implicit dependence Enthrough
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FIG. 3. Change in the fraction of normal electroans, vs
inverse distance from the vortex coig'r (lower axis) and

vs quasiparticle energy shift,,) (upper axis). The dashed
Rine shows the rate of gap increase away from the node as
determined by angle-resolved photoemission.
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out finite temperature effects. Another possibility is a devary simply asH!/2, the H'/? singularity can be lost.

viation from the clear-wave density of states near 3 meV Indeed, the small deviations fro#'/2 in BSCCO could

above the Fermi energy. Finally, it is possible that the dereflect deviations from the equilibrium vortex spacing at

parture from linearity is related to the probing frequencylow field, rather than an intrinsic effect.

[20]. At each point in the sample, the superflow modi- To summarize, we have measurédr(w,H,T) in

fies the quasiparticle density of states (QPDOS) only aBSCCO thin films. We found a power law dependence in

energies below the local value ef,. Consequently, we H that is inconsistent with vortex motion. We explained

expectAo to become smaller when probe photon energythese changes quantitatively using parameters available

ho begins to exceed,,. Our measurements indicate that from zero-field measurements of the complex conductivity

the departure fron#/'/2 is indeed more pronounced at the and ARPES, without introducing phenomenological vor-

high frequency end of our range [21]. tex dynamic parameters. The success of this model sug-
The above discussion demonstrates thatave nonlin-  gests that the high-frequency electrodynamic response in

earity accounts well for the reduction in superfluid den-the mixed state is dominated by enhanced pair breaking

sity, and consequently ir,, due to magnetic fields. This due to nodes in the gap function.

effect alone is clearly not sufficient to account for the We acknowledge useful discussions with J.A. Sauls
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