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Kramer-Pesch effect and damping of the vortex motion in the cuprate superconductors
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Kramer and Pesch discussed the fact that in the clean limit the radius of a vortex core in a type-ll super-
conductor decreases proportionally Towith decreasing temperature. This “Kramer-Pesch effect” results
from the thermal population of the quasiparticle bound states in the vortex core. In addition to the case of a
static vortex, this effect also has important consequences for the vortex dynamics. Because of this, for the
cuprate superconductors features of the damping of the vortex motion are expected at low temperatures. We
discuss recent measurements of the electric resistance at high vortex velocities and of the microwave power
absorption for different cuprate superconductors in conjunction with the Kramer-Pesch effect.
[S0163-18297)01309-X

[. INTRODUCTION the vortex core. In the dirty limit, the motion of the quasi-
particles gets well randomized within the core. The first cal-

About 20 years ago, Kramer and Pesch discussed the speslations of the electronic vortex structure in the clean limit
tial structure of a vortex in a type-Il superconductor in the(l>¢) and forB<B_, were performed in 1965 by Caroli, de
clean limit and for s-wave symmetry of the order Gennes, and Matricon using the Bogoliubov equatfbhs.
parameter:? They showed that the order parameter and theSubsequently, foB<B, these calculations were extended
supercurrent density increase with increasing radial distandey Kramer and Pesch using the Eilenberger equatidns.
from the vortex center over a length scale=&{T/T.).  These authors found that far<T. in the clean limit the
Here,&scsis the BCS coherence length. This peculiar behav-order parameter and supercurrent density increase with the
ior, namely the shrinking of the vortex core with decreasingradial distance from the vortex center over a length s¢gle
temperature, is directly connected with the low-lying boundwhich is much smaller than the BCS coherence length
states in the vortex core. In addition to the influence of thiségcs=#v /mAgcs. Herevp is the quasiparticle Fermi veloc-
effect on thestatic vortex structure, this behavior is also ity and Agcg is the superconducting energy gap. For
important for thedynamicvortex properties. In the follow- T=>kgT 2lep~A2-dkger (eg=Fermi energy and «>1,
ing, we refer to this as the “Kramer-Pesch effect.” WhereasKramer and Pesch showed that
in the classical superconductors the clean-limit condition, as-
sumed by Kramer and Pesch in their treatment, can hardly be
achieved, since the dirty limit is more valid in these materi- §1=§Bcs-|-—- @
als, in the cuprate superconductors the clean limit often ap- c
pears to be well established. This clean limit in the cuprategs an important consequence of this result, we note that with
results from the small value of the superconducting coherdecreasing temperature the vortex diameter shrinks propor-
ence lengthé, which is about ten times smaller than in the tionally to T. Associated with this shrinking of the vortex
classical superconductors. Therefore, the issue of the existore is a logarithmic reduction of the density of states at the
ence or the absence of the Kramer-Pesch effect becom@®rmi surface given by
highly important in the cuprate superconductors. It appears
Itirgs:altjgrs now this subject has hardly been discussed in the N~N027T3§§C5/[3 In( £scs/£1)]. @

In this paper, we present a brief overview of the spatialHereN, is the density of states per unit volume in the normal
structure of a vortex and the influence of low-lying boundstate. Kramer and Pesch also discussed this behavior in the
states in an isolated vortex core. We also discuss recent eframework of the Bogoliubov equations, closely following
perimental results on vortex dynamics obtained deaixis-  the method of Caroli and co-workets.They could demon-
oriented epitaxial films or single crystals of various cupratestrate that this shrinking of the vortex is connected to the
superconductors in conjunction with the Kramer-Pesch eftow-lying bound states in the vortex core. The wave func-
fect. tions of these states vary spatially over atomic distances.
Only these states with angular momentum quantum number
u==(m+1/2) contribute via self-consistency equations to
the slope ofA(r)| andj(r) in the limit r —0 (m=integer;

The physics of the vortex core for a classical higlsu-  r=quasiparticle distance from the vortex center;
perconductor is usually described by the Bardeen-Stephen=supercurrent density As shown by Kramer and Pesch,
model?® This model is valid in the dirty limit when the qua- the derivativedA/dr of the order parameter near the vortex
siparticle mean free pathis much shorter than the super- center with decreasing temperature increases proportionally
conducting coherence lengghwhich limits the radial size of to To/T. The important length scale for this singularity is the

Il. STATIC CASE OF THE KRAMER-PESCH EFFECT
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states with the higher impact parameter also have a higher
s energy and extend further away from the vortex center.
———— In conventional, singly quantized vortices the energy
spectrum then has the following form:

..... 2
’ e(kz,y)=qy P ()

5 Here qy=n, represents the angular momentum quantum
0 - .

0 &, Encs r number gf the bound state. The crossing of zero energy oc-
curs fory=0 for all k,. This leads to a one-dimensional
Fermi surface for the low-lying states. This means that the
bound states make up their own Fermi surface, which is a
Fermi line in this case(Of course, this dimensional reduc-
tion is associated with the fact, that the two quantum num-
length¢;. However, the total vortex core extends radially upbersk, andk, representing the quasiparticle state in the ab-
to about the BCS coherence lengifs. This situation is sence of a magnetic field, have been contracted intd. one
shown schematically in Fig. 1. In the following we assume that the minigap is small,

The shrinking of the vortex core is associated with theA?/s-<kgT. Then, with the quasiclassical approximation
thermal population of the various bound states in the core. Ofne finds
course, this shrinking process is expected to terminate at
some temperature where only the lowest bound <ratai- A2
gap remains populated. This lower temperature limit is Ke(ra) —~kgT (4)
given by T~kgTZ/Er, and at this temperature, we have F

&=1Kkg (ke=Fermi wave number According to Kramer Of
and Pesch, the exact value of the lowest bound state is given

v

FIG. 1. The two length scaleg and &g of the radial vortex
size (Ref. 7).

by emin~AZcs(2er) HN(&zcd€y) for T<Tc. The logarithmic 1 keT &
factor was missing in the calculations by Carmfial,, due to a=< (kF(A /SF)) =T (5)

the assumptioré;~&cs. The analytical results found by
Kramer and Pesch were numerically confirmed by Gygi andn Eq. (5) a new length scal§, is introduced, characterizing
Schliter® the physical properties of the bound states. This length scale

Recently, Volovik discussed the Kramer-Pesch effect usean be written as
ing concepts also appearing in relativistic field thebfyHe
extended the theory also to more complicated vortices, as T
they arise in unconventional superfluids and superconduct- §1:§Bcs-|——- (6)
ors. In the low-energy limit of the quasiparticle spectrum in c
the core, the mass term of the Bogoliubov-Hamiltonian carrhe sharp Fermi function of the chiral fermions has impor-
be neglected. The massless chiral fermions behave like efant consequences for the quasiparticle distribution, and the
ementary particles: they obey the Weyl equation like neutrienergy becomes a sensitive function of the coordinates of the
nos or left or right electrons. As a consequence, the energyuasiparticle trajectory.
spectrum of the low-energy fermions becomes relativistic Volovik discussed in detail the limiT<T., where only
and linear. Thus, in contrast to the situation in particle physthe bound states are populated and where the Fermi function
ics, in this case, the symmetry of the system is enhanced i3 sufficiently narrow and close to a step function. In this
the low-energy limit? case, the length scalg becomes smaller thagy.s and con-

In the semiclassical approximation the energy spectrum ofrols the properties of the vortex core near the origin. As a
these fermions is characterized by two quantum numbers, thignction of the distance from the vortex center, the order
wave numbek, along the vortex axis and the impact param-parameter displays a kink and the slope at the origin ap-
etery=r sin a, which is the smallest distance for the angularproaches infinity fofT—0. With increasing temperature the
momentum from the vortex axis. Heteis the angle between  states with the higher impact parameters become populated.
the quasiparticle trajectory and the radial vector connecting |n conclusion, we note that the bound states which can be
the quasiparticle location and the vortex center. For largehermally populated are responsible for this peculiar behav-
distances and impact parameters, we deal with the bulk valugr of the vortex core. In contrast, for the dirty limit, when
of the order parameter. The typical quasiparticle trajectoryeducing the temperature from neBg to very low values,
has a large impact parameter, except for a small conghe changes of the vortex size are only relatively srhall.
y=r sina. This cone represents a set of bound states in the
vortex core. Since for small values of the impact parametef;, pyNnAMIC CASE OF THE KRAMER-PESCH EFFECT
the small values ofr become most relevant, in the following
we approximate sim~a and writey=rqa. Similar to the One would expect that the considerations for the static
guantum-mechanical case, say, for the central Coulomb paase also apply to a moving vortex in the clean limit and for
tential, where the states with the higher quantum numbesufficiently low temperatures where only the bound states are
extend further away from the center of the potential, theexcited. Larkin and Ovchinnikov treated this situation and
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microscopically calculated the temperature dependence of L _ B |

the electric conductivity at very low temperatut@sThey V=10.9—p o— %7~ (10
. = wd " Beo In(1%/1)

obtained for the conductivity:

Here L, w, andd are length, width, and thickness of the

sample, respectively, arl¢g=j-wd. The quantityp denotes
g Bco 0 s g .
— —0.23—"|n|l — (7)  the resistivity associated with the vortex core. Here we keep
On B kgT in mind that in the cuprate superconductors in gengrean

be smaller than the normal-state resistiyify (It is only in
(o,=conductivity in the normal stateHere the logarithmic  the dirty limit where we expecb=p,.) We see that the
term on the right results from the reduction of the vortex sizey/.| characteristic diverges at, and tha“*OC(TS)_l/Z. The
due to the Kramer-Pesch effect. In the absence of theactor In(*/1) in the denominator of Eq(10) originates
Kramer-Pesch effect, this logarithmic term would be re-from the Kramer-Pesch effect in close analogy to the influ-
placed by a number of order unity. Bardeen and Shermagnce of the temperature in the logarithmic factor of Eg.
also obtained the expression of Eg) by semiphenomeno- f this vortex contraction with decreasing temperature were
logical calculations, except for a numerical factor of #/3. absent, In(*/1) would be replaced by a number of order

In the following, we extend these considerations to a vornity.

tex moving at high velocities. In contrast to the static case, Regarding the validity of Eq$7) and(8) up to T* = A/kg
where the bound states are populated only by an increase e note that this is questionable and that both equations are
temperature, the generation and energetic excitation of thgccurate only in the range of effective temperatures
quasiparticles now can also originate from an increasing* < A/ky.*® We will return to this issue below in the dis-
electric bias current. Again, in this case, the low-temperatur@yssion of the experimental results.
limit must be satisfied such that the quasiparticles are local- Summarizing' the Kramer-Pesch effect is due to the popu-
ized in the vortex core. The current-induced quasiparticlaation of the bound states in the vortex core in the low-
excitations only become appreciable at sufficiently high curtemperature limit. In the static case, this population is
rents. We now deal with an electronic nonequilibrium in theachieved by thermal excitation for increasing temperature. In

quasiparticle distribution for the low-temperature limit. It is the dynamic case, the excitation due to the current-induced
this situation which was treated by Larkin and electric field can become dominating_

Ovchinnikov!? At sufficiently high currents, the quasiparti-
cle distribution function is not dominated any more by the

bath temperaturd@, but instead by an effective temperature IV. SPECIAL FEATURES OF THE HIGH- T¢
T*, which is raised abov& by the electric field? By anal- SUPERCONDUCTORS
ogy, the core diameter now becomes proportional toat An important point underlying the Kramer-Pesch effect is

very low temperatures. The generation and heating of thgye existence of a quasicontinuum of the bound states in the
quasiparticles in the vortex core is now caused by the electrigoriex core, so that the calculations can be performed in the
field. The effective temperaturE” is given by quasiclassical limit. In the quasiclassical limit we have
&ke>1 and the energy of the lowest bound stéaténigap
(]2 A%epoc1/£% is very small. This situation is well established in
kgTe — (_) (8)  the classical superconductors. However, in the Highsu-
f\jc perconductors the situation is quite different, sinkeis
larger andeg is smaller than in the classical superconductors,
Here, 7, is the energy relaxation time of the quasiparticles, (£ is by about four orders of magnitude smaller than in the
is Planck’s constant divided byn2 | is the electric current  classical superconductgréience, only a few bound states in
density, andj¢ is the critical pair-breaking current density. the vortex core are expected for the hifih-superconduct-
The quasiparticle heating is now taken into account by reprs. Recent spectroscopic experiments appear to have con-
placingT in Eq.(7) by the effective temperatui® from Eq.  firmed this expectatiol*°In this quantum limitkz<1 the
(8). In a sufficiently strong electric field we can hal&>T,  Kramer-Pesch effect is not expected any more in its standard
and the diameter of the vortex core increases proportionalljorm 1® Therefore, the case of a short coherence length must
to T*. InsertingT* into Eq. (7), we see that the resistivity pe distinguished from the one with a large coherence length.
diverges forkgT*=A, if we assume the exact validity of A second important point concerns the influence of pos-
Egs. (7) and (8) up to this point. The quasiparticles within sjbly d-wave symmetry of the order parameter. Presently,
the vortex core are energetically excited to the valuelof there exists an increasing amount of evidence denave
and leave the core region with subsequent recombination angymmetry. Recently, Ichiokat al. calculated the electronic
emission of phonons. Denoting the curréntl™, at which  vortex structure fod-wave symmetry with the Eilenberger
kgT*/A=1, we obtain from Eq(8): formalism finding a strong Kramer-Pesch effect in the static
caset’ However, up to now no calculations for the dynamic
case of high vortex velocities regarding the Kramer-Pesch
9) effect and a possible current dependence of the electric re-
sistivity in the presence al-wave symmetry have been re-
ported. The delocalized quasiparticles from the node lines in
and the following result for the voltage-curren{-() char-  the outer regions are likely to play also an important role.
acteristic: For a moving vortex these delocalized quasiparticles contrib-

kBT* = A

| * 1/2

h
kBTC Te
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FIG. 3. Voltage vsl/In(1*/1) at T=4.2 K for five magnetic
2001 fields as indicated. The inset shows the slope of such curves up to
B=400 mT.
0

versus the current for different temperatures. The highly non-
linear behavior expected from the term Il(l) in the de-
Current [mA] nominator of Eq(10) can clearly be seen.
. As we have pointed out in Sec. lll, the exact validity of
FIG. 2. Voltage vs current for two temperatures and magnetlcEqS. (7)—(10) is expected only in the effective temperature

fields: () 1.62 K, 150 mT;(b) 8 K, 120 mT. The recordings are onqe1* A /K. 13 This is analogous to the static case where

shown onl)_/ for the higher part of the current range. For comparisonWe are restricted to the low-temperature regime such that
the open circles represent a calculated curve using Eq(10) and only the low-lying states in the vortex core are excited.

th t iven in the text. . X
© parameters given in fne fex Therefore, in the dynamic case we have to concentrate on the
ute mainly to the dissipation, and the Kramer-Pesch eﬁec![t?:;é;Qdagf;rr:zgpzlt'aegl;ragrs:;gtg?”eﬁ%hHegcﬁé Vée 2?;’3
may become unobservable in thiel characteristic. . Ju P » Which we have var
until the voltage plotted versus the normalized current
I/In(1*/1) yielded a straight line in the lower current range.

V. EXPERIMENTS A typical result is presented in Fig. 3, where such plots are

In the following we discuss recent experimental resultsSNown for five values of the magnetic flux densBy at

for the electric resistance at high vortex velocities and for thel =4-2 K. The values of the parametef yieldinog straight
microwave power absorption in the mixed state. lines near the lower current end were about 5% larger than

the observed current valuég,,, where the voltage starts to
diverge. From Eq(10) the slope of the straight lines is ex-
pected to increase proportionally By This is also well con-

Recently, we reported strong indications for the logarith-firmed by our data, as can be seen in more detail in the inset
mic singularity in the flux-flow resistance predicted by Lar- of Fig. 3. On the other hand, from Fig. 3 we also note that
kin and Ovchinnikov folT<T.. The experiments were per- near the upper current end appreciable deviations from the
formed for epitaxialc-axis-oriented films of NdCeCué¥.  straight lines appear, indicating that here we exceed the
This material well satisfies the clean-limit condition. The co-range of exact validity of Eqg7)—(10).
herence length in thab plane is about,,(0)=8 nm (Ref. As we can see from Ed9), the quasiparticle energy re-
19) and is higher than for YBaCuO by a factor of 8. The laxation timer, can be found from the values of the param-
electron mean free path is in the rarigel5-60 nn?® For  eterl*. Taking the values of* adjusted for yielding straight
NdCeCuO the temperature dependence of the in-plane magipes in plots such as shown in Fig. 3, we obtain the values
netic penetration depth and of the microwave surface 7,'=1.67x10°s !for T=4.2 K andr, *=1.72x10° s * for
impedanc®?°2ljs consistent with a single-gapwave BCS  T=1.62 K. These small values indicate that the quasiparticle
model. energy relaxation rate is strongly suppressed below

In order to avoid sample heating, we measured\fhe  similar to our previous results on YBaCuO filffsSince the
characteristics using a rapid single pulse technique. The inarkin-Ovchinnikov theory? applies to the limit of low mag-
strumentation was the same as in our previous study afietic fields, in our analysis we have used the value$*of
YBaCuO?? For temperatures at and below 4.2 K the sampleobtained by extrapolation tB=0. Additional details can be
was in direct contact with liquid He. The bath temperaturefound in Ref. 18.
has been reduced down to below the lambda pdjnt2.17 Our results presented in Figs. 2 and 3 appear to confirm
K. We have investigated four NdCeCuO samples, all showthe contraction of the vortex core predicted by Kramer and
ing similar results. In the following we present data for aPesch. However, this interpretation of our data requires a
sample with the following parameter3.-=24 K, p, (25 discussion of a possible influence of Joule heating and/or
K)=50 ) cm, d=120 nm,w=20 um, andL=200 um. In  flux pinning. Turning first to heating effects, we found that
Fig. 2 we present two typical curves of the voltage plottedno appreciable change in thel characteristic could be de-

15 20 25 30

A. Resistance at high vortex velocities
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tected by passing the bath temperature through\tipeint. 14

From this it appears that the strong increase of the heat-

transfer coefficient during passing into the superfluid state of i 4% 818657016000

liguid He did not affect the sample temperature. We thus 10F g %

conclude that the rise of the sample temperature due to Joule % sf 3o ifzz

heating was negligible. = b E ol . ‘
Turning next to the possible influence of flux pinning, we & °f ¢ Promperatus. (K1

checked this as follows. Trying to fit our measured highly S 4f ‘0 2 40 & s 10 10 14

nonlinearV-1 curves such as shown in Fig. 2 by the func- oF Temperature 1]

tional dependenc¥ 1", we found that we need exception- T=152K B=0516T

ally high values of the exponemnt in the rangen=60-150. 0 . e

Furthermore, the good fit of the data in Fig. 3 by the straight 30 40 50 60

lines strongly supports the mechanism underlying @4) Current [mA]

instead of flux pinning. For comparison, in FighPwe also
present a curvéopen circlesfitted to the experimental trace  FIG. 4. Voltage vs current for a L&sSt15CU0,_; sample.
(solid line) using Eq.(10) and the following parameters: T=1.52 K;B=0.516 T. The inset shows the resistive transition.
$=1.76x10"2 uQ cm, B/B,,=1.5X10 2, 1*=30 mA. The
value of the core resistivity at T=8 K is strongly reduced
below the normal-state resistivipy, (25 K)=50 () cm near
T, and correspondingly, the damping coefficient is en-

found in the resistive behavior between NdCeCuO and
LaSrCuO forT<T, strongly suggests that it is the delocal-
ization of the quasiparticles in LaSrCuO due to the strong
S ) anisotropy of the energy gap which eliminates the logarith-
hanced. Apparently, _the qua5|p_art|cle scattering raté mic dependence of the voltage on the current as expressed in
strongly de(?reases with decreasing temperature bé1@w_ Eq. (10). Apparently, the Kramer-Pesch effect can only be
Such behavior has also been concluded recently from MICI%hserved if the dissipation is located in the inner vortex core.

wave absorptézon expenme'nts in the mixed statg of YBaCUCbn the other hand, if the dissipation is dominated from the
single crystals®and from microwave surface resistance Me2-5uter regions surrounding the inner vortex core, the Kramer-

surlfrrl}ent_s of YBaCuO samplets m’tﬁetrr? rr&%%]egcgéfft?. .tPesch effect remains unobservable via measurements of the
oliowing our measurements wi e etud Tims, | dissipation. It seems that this second case is realized in LaS-

was interesting also to examine another cuprate material POSe
sibly showingd-wave symmetry or strong anisotropy of the
order parameter. An additional requirement for this other
material was that flux-flow experiments should be possible in
the low-temperature limit, i.e., flux pinning should be over- For YBaCuO films with a critical temperature of 60 or 90
come at sufficiently high current densities. LaSrCuO ap_K flux-flow resistance measurements are highly difficult be-
peared to fulfill both requirements. For this material there areause of flux pinning. In the following we discuss experi-
experimental indications for an unconventional pairingments by Matsudeet al, who measured the microwave
mechanism and node lines of the order parameter. The eower absorption in the mixed state of single crystals of 60
perimental data from neutron scattedfg as well as from and 90 K YBaCuO using a bolometric technicfidhe static
Raman Spectroscoﬁyzg point to a strongly anisotropic en- magnetic field was applied parallel to theaxis. Due to the
ergy gap. The epitaxiat-axis-oriented LaSrCuO films were high-frequency field oriented parallel to the ab plane, the
deposited on single-crystalline SrTjGubstrates by laser ab- vortices oscillate within their pinning potential. Matsuda,
lation. Microfabrication of the four-point sample geometry €t al. were able to measure the microwave power absorption
was performed by standard photolithography. For attachingn the temperature range from 30 down to 2.7 K with a
the current and voltage leads, silver pads as large>® 2 resolution of about 0.1 nW. They determined the surface
mn¥ were placed on top of the superconducting film, in thisimpedance in their samples as a function of the static mag-
way minimizing sample heating due to the contact resistancéetic field up to 7 T. From their results they obtained the
The film thickness was 60—100 nm. The length and width ofviscous damping coefficieny for vortex motion.

the microbridge was typically 150 and }6n, respectively. According to Coffey and Clefi in the low-field regime
The superconducting transition temperature Was-26.5 K. the surface impedance is given by

Close toT. the resistivity wasp, (27 K)=220 ) cm. In

order to minimize heating effects from power dissipation in Beg

the sample, we have performed the measurements in super- Rs(B) —Rs(0)= 2)\_,7 (11)

fluid helium at a bath temperature of 1.52 K. THel char-

acteristics were quite different from those for NdCeCuO The damping coefficienty must now be taken for the
such as shown in Fig. 2. A typical case is shown in Fig. 4 proper regime of quasiparticle scattering. Kopnin and
The curves showed a distinct kink similar to that we haveKravtsov®® calculated the electrical conductivity and the Hall
observed earlier for YBaCu@Ref. 22 indicating an elec- effect in the mixed state of clean type-ll superconductors
tronic instability at a critical vortex velocity. Near this insta- at low temperatures(kgT<<A) in the regime A/7<A
bility the Joule power dissipation in the sample correspondedr=quasiparticle scattering timeThey pointed out the im-

to about 10 W/crh With a heat-transfer coefficient of about portance of the level spaciny’/er of the low-lying bound
a,~10 W/cnt K, 303! the temperature rise of the sample is states in the vortex core: in the limit/%)(A%/eg)<1 we have
estimated to about 1 K. This distinct difference we haveviscous vortex flow and in the Iim(tr/ﬁ)(AZ/sF)>1 nondis-

B. Microwave power absorption
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sipative vortex flow. In the former case the Hall angle is
small, whereas in the latter case it is large. In the case of a
finite Hall angle the damping force appearing in the vortex

600

60 K YBCO
500 |

dynamics consists of two components ,+ ay(v,X¥€,),
wherev , is the vortex velocityg, a unit vector in the direc-
tion of the applied magnetic fieldy is the viscous drag co-
efficient, anday, is the Hall drag coefficient. The coefficient
describing the dissipatiopand appearing in Eq11)] now
consists of the effective coefficientyy=(7"+a?)/ 7.2
The Hall angleOy is given by tar9H=a5,/7;. In the case of
a large Hall anglday/7>1) one find$>3

kBT)' (12

It is this expression fom, invoking the superclean limit,
which has been used by Matsues,al > for analyzing their
data. We note that the factor(lwkgT) on the right-hand
side of Eq.(12) is due to the vortex contraction at low tem-
peratures from the Kramer-Pesch effect. Inserting @§)
into Eq. (11) we obtain the derivative

2
779ff27 =0.3MBc2¢0 5 “’I(

dB
dRs(B)

(13

1
= O.GO\BCZ —; In kB_T) .

Larkin and Ovchinnikot? also treated theoretically the

conductivity in the mixed state at low temperatures. How-
ever, they only considered the quasiparticle scattering regim

A%s<fi/T<A, where the Hall effect remains negligible. For
the damping coefficieny they obtained

(14

Again, the factor IA/kgT) on the rhs results from the

1
n= 0'2£C2(P0 ; |n

400 |
300 |

200 |

dB/dRg [T/Q]

100

|
15 20 25 30
In(T,/T)

0 R4
1.0

3.5

FIG. 5. dB/dRg vs In(T/T). The values were taken from Fig.
3 of Ref. 23.

has generally been found in the cuprates, this valug of
appears reasonable. Matsugtaal. have also reported such a
strongly reduced value g for T<T..%

VI. DISCUSSION AND CONCLUSIONS

Whereas for 60 K YBaCuO the microwave absorption
data of Matsudeet al?® clearly show the influence of the
factor INA/kgT) in Egs. (13) and (15 arising from the
Kramer-Pesch effect, for 90 K YBaCuO they observed a
temperature-independent derivatid8/dRg in the low-field
limit, as displayed in Fig. 4 of Ref. 23. This strongly sug-
gests that in 90 K YBaCuO the Kramer-Pesch effect is ab-
sent. As has been discussed in detail by Golosovsky,
Tsindlekht, and Davido%® the dominant number of high-
frequency experiments dealing with vortex dynamics indi-
cate that for 60 and 90 K YBaCuO the damping coefficient

Kramer-Pesch effect. It is interesting that the numerical val-of the vortex motion is consistent with the predictions for the

ues of the damping coefficient in Eg&l2) and (14) are
highly similar. Inserting Eq(14) into Eq. (11) yields the
derivative

(15

=0.46\B 1I -
~ 0408 Be 5N i)

dRs(B)

clean limit. However, for low temperatures, in 60 K
YBaCuO the damping coefficient suggests a transition into
the superclean limit. The vortex contraction with decreasing
temperature due to the Kramer-Pesch effect results in an in-
creasing level spacing between the bound states in the vortex
core and, therefore, in a decreasing phase space for quasipar-
ticle scattering. Hence, it seems possible that in 60 K

Using Fig. 3 of Ref. 23 we have obtained the values of theYBaCuO for low temperatures the superclean limit is at least

derivatived B/dRg for the 60 K YBaCuO sample in the low-

partly a result of the vortex contraction due to the Kramer-

field limit. These values are plotted in Fig. 5 versusPesch effect. This concept is also supported by the fact that

In(T</T). As expected from Eq$13) and(15), the data well
fit a straight line with the slopelB/dRs=235T/Q.3* Here

60 K YBaCuO displays a large Hall anglm contrast to 90
K YBaCuO, where the Kramer-Pesch effect is abs&ht

we emphasize that in the relevant low-temperature regime For 90 K YBaCuO the coherence length is smaller than

the magnetic penetration depth(Ref. 35 as well asB.,

for 60 K YBaCuO?’ and we may approach already the quan-

andp are nearly independent of temperature. Noting that théum limit, where the core region of the vortex is empty of the

logarithmic factor in Egs(13) and (15) originates from the

low-energy excitations. However, in this context a discussion

contraction of the vortex core due to the Kramer-Pesch efef the influence of the symmetry of the order parameter be-

fect, we conclude that the data of Matsuataal. clearly dis-
play this effect for 60 K YBaCuO.

comes necessary. For 90 K YBaCuO there exists a large
amount of evidence that the order parameter shodwsave

To check whether the slope of the straight line in Fig. 5symmetry*®3°For 60 K YBaCuO recent phase-sensitive tun-

looks reasonable, we calculated the core resistipitfrom
this slope in combination with Eq15). Taking the values
A=140 nm(Ref. 35 andB-,=90 T we findp=4.7 uQ cm.
Using Eq.(13) instead of Eq.(15) yields nearly the same
result. In view of the fact that beloW, a strong reduction of

neling experiments suggest that the symmetry is sot
wave?® The calculations by Ichiokat al,’ indicating a
strong Kramer-Pesch effect also in the case of an order pa-
rameter withd-wave symmetry, appear to be consistent with
our conclusions given above. The absence of the Kramer-

the quasiparticle scattering rate with decreasing temperatuf@esch effect for 90 K YBaCu@with its very small coher-
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ence lengthmay be explained in terms of the dominant role
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