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Evidence for vortex surface pinning in YBaCu30,_ s from the frequency dependence
of the complex penetration depth
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We have measured the high-frequency complex skin depth in the mixed state of a large untwinned YBaCuO
crystal. Our frequency rangé.1-3 MH2 covers the pinning crossover in the vicinity of the first-order
transition (T=85-87 K). The spectrum deviates from that expected from bulk-pinning theories but closely
follows that predicted by a surface pinning model which is based on two-mode electrodynamics, free bulk
vortex flow and surface slippage conditions. Above the first-order line, critical currents vanish and the ideal
pinning-free response is recovered. This experiment points out the irrelevance of pinning by point defects in
clean YBaCuO, and adds a piece to the physics of the first-order transition ifT higlaterials.

DOI: 10.1103/PhysRevB.63.054503 PACS nuniber74.72.Bk, 74.60.Ge, 74.25.Nf

The nature of vortex pinning in clean high-materials is second category includes the two-mddé/l) model, intro-
still the subject of an intense debate, although some conseduced by Sonitf and four of u€3it is well suited for the
sus seems to appear in favor of a bulk scenario with mangtudy of pinning by surfaces or interfaces. Predictions can be
pinning centers. The theoretical problem is that of the weak put to test by using the simple geometry of a superconduct-

pinning of an elastic medium by disorder; it includes manying half space Z<0) in normal fieldB=BZ. In the case of
systems similar to the contact line of a liquid menistus, an anisotropic material the surface should be parallel to one
charge density waveSor superfluid vortex arraysin this  of the crystal facets. A small transverse fidlg=be /27 is
respect, untwinned YBaCuO crystals has often been progsed to excite small linear oscillatiods, = Bu(z)e ™2™ of
posed as a model systesince pinning is believed to be due the vortex fielde [displacementi(2), tilt »=du/dz] about

to oxygen vacancies acting as point defects. Our purpose i[ﬁe equilibrium position =BZ in average Disregarding

to check this assumption experimentally, by relying on theacceleration terms which are beyond current resolution, the
high-frequency vortex response.

The frequency dependence of the ac response has be\éﬂrtex displacement at the surfag€d) can be deduced from

long recognized’” and recently demonstrated on IoWy- electric field E,(0) using _the Josephson rel_ati<ﬁ],~Bu.

material to be a powerful tool for the investigation of the 1neN, with Maxwell equations, one can rewrite the apparent

pinning mechanism in the vortex state. As a matter of factCOMPIex penetration depth in the form

the universal shape of frequency spectrum is not concerned

with the temperature or magnetic field dependencies of ther- Nac=Ey/(—i2mfb)=Bu(0)/ ueK, (1)

modynamic parameters, which generally obscure the dy-

namical aspects of the ac response. Few experiments weYdere K=b/u, is the integrated current density over the

previously done in YBaCuO by this technique using heavilyhalf-space.

twinned thin films or crystal&-** In our opinion, extended Bulk-pinning models involve a local force equatifim-

defects and size effects make their analysis very intricategar stiffness JB/u or complex conductivity o5c=JB/

Moreover, strong discrepancies appear when one comparés i27fu)], with a single length-scale, ik = N5, that

experimental results and theoretical predictions for bulkules the decay of fields and curredts the bulk(one-mode

pinning® We propose here to use a large good quality un-€lectrodynamics As a matter of fact, withK=J(0)\,c in

twinned crystal allowing a direct comparison between pin-Eq. (1), one obtains\ ;2= u0JB/u, which is nothing but the

ning theories and the experiment. definition of the complex skin depth in an Ohmic medium. In
In order to understand why it is really necessary to studythe GRC model, the mere addition of a linear restoring force

a large crystal, let us precise the predictions of prevalent adensity — «, u to the viscous drag term leads to the popular

models, which fall into two categories. The first one, intro-expression

duced by Gittleman and Rosenblum and CamplélRC

mode), describes the frequency response in the presence of 1 1 2i
bulk pinnind’ by a local elastic interaction with the host —=——— (bulk), 2
crystal, characterized by a return spring constant®’ The ANae AC 6
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where 8= (ps/uomf) Y2 is the flux-flow skin depth and posed faces will result in a narrowing of the crossover. This
Ac=B/ua, the Campbell length. In the absence of pin- size effect, which is against intuition, has been clearly dem-
ning (a, =0) the ac responsk,.=(1+i)8/2 is similar to  onstrated in lowT's,® whenever the sample thicknelsse-
that of an ordinary metal. As suggested in Refs. 14,15 theomes comparable to the largest penetration depth,di.e.,
Labusch coefficiente, should be frequency dependent at In this case Eq(3) should be replaced by
finite temperature, in the forma (T)=a oi27f/(1
+i27f7), where 7(T) is a characteristic vortex thermal- 1 1 1-i (1—i)L
creep time; but this would result in a low frequency diver- — = —+——cotanh————
gence, which is not observed experimentafiy.ikewise, are Nac Ls & 20
the logf corrections in\¢ predicted in the two-level model \hich entails a suppression of the low-frequency tail when-
of Koshelev and Vinokur for a glassy vortex cré€p Ex-  everL<s; .
Cept TOI’ these IOW'freque.nCY peculiarities, bulk Scen.al‘i.OS On the other hand' one may expect an extraneous broad-
have in common a sharp pinning-frequency crossover similagning of spectrun(2) in the presence of strong heterogeneity
to that in Eq.(2), with a two decades frequency-width as jn the bulk-pinning parameter, . However simulations
seenin Fig. 2. _ . _ show that these inhomogeneities do not affect the crossover
In contrast, pinning by surface irregularities entails a nonyyigth by more than 10% for a broad distributiahe,
local treatment, since superficial tensile strains are compen= 4, . We conclude that, under well controlled experimental
sated by bulk currents. The penetration deply  conditions, a significant and robust contrast exists in the lin-
= )\\/,LLO{:‘/(D of these currents has been calculated in the pheear ac responses of different pinned states.
nomenological theory of Mathieu and Simon, wherg, is The sample is a YB&u;0;_ 5 crystal with the following
the line tensiot® The nearly uniaxial anisotropy of dimensions: lengthl,=4.5 mm, thickness,=1.17 mm,
YBaCuO crystals, can be taken into account by replacingyidth |,=L=0.58 mm. Details of its preparation are given
everywheres by s/y? for a c-oriented facet, andy? for  in previous paper$:?? The sample was annealed at 480°C
facets that are parallel @'° However, since.,<\ is small, ~for 48 h, so as to reach the slightly overdoped regime with
currents can still be regarded as quasisuperficial, with a surf¢=92 K, while avoiding a too large amount of oxygen
face densityK = —£,(0) .18 As pointed out in Refs. 8,12,13, disorder. Optical inspection reveals a standard roughness.
these currents play an important role in the ac response aslde presence of a reversibility line, coinciding with a first
second mode in parallel to the flux-flow moffgenetration ~order transition, has been verified in this sample up to more
depth 1ik;, currentK;=ik¢Bu(0)/uo]. Its relative ampli- than 7 teslas. Sharp jumps in magnetization using SQUID
tude is ruled by a surface conditiar{0)+1v(0)=0, which ~ technique have been observed, and dc transport measure-
introduces a new phenomenological lentfth, T) character- ments in the same sample have been published.
istic of the surface pinning strength=0 for strong pinning ~ AS sketched in Fig. 1, the dc fielB{&6T) is orientable
and| = for ideal surface conditions. Putting=K;+Kgin  in thea-c plane and the ac probe-fielth{<1.T), created
Eq. (1), one obtains, witl,(0)= ¢ »(0) in the above bound- DY @ solenoidal 90|(not shown in the figupg was carefully
ary condition aligned with thec axis. At the high frequencies of the ex-
periment, bulk currents, along theedirection, are confined at
the main face$, X |, within a skin layeré;<I,. The experi-

: 4

L_ M: i+ E (surface. (3) mental response is the fluk .. through a ten-turn pick-up

Nac  Bu(0) ts & coil, which is wound at the midheight of the sample and

The surface contribution appears as an additive teriny 1/ 9'”‘*9‘ in order to minimize me.chanical v.ib[ati.ons..The. Sig-
= poel wl, in the surface admittander 1A ). It should be nal, i.e., the apparent penetration depth inaheirection, is
stressed that, unlike the Campbell length, Lg, inatwo  defined as\ oc=\"+"iN"=d,J2bly. This implies that flux
mode model, is not a true quasistatic penetration dépth.  penetration through the-oriented end faces may be ne-
As seen in the graphs of Fig.[2ull line for Eq. (3) and  glected; this 1D approximation is well justified if we except
dashed line for Eq(2)], a striking difference appears be- a narrow working range wheB|c (fields close and smaller
tween the two predictions, irrespective of any quantitativethan the irreversibility fieldB*, and low frequenciés The
analyze; whereas the crossover width is of two frequencgignal, i.e., its amplitude and phase, was calibrated against
decades in the bulk scenario, it extends dieerr decadesn
the two-mode model. This leads us to the following remarks.

(i) One cannot rely on experiments done in the quasistatic le B
regime to decide about the nature of pinning and distinguish c
between surface and bulk mechanisms. This is meant for

most of ac experiments, including the Hall-probe array Ly T
techniqueé®® which otherwise is very powerful for the study Dad o

of edge-effects(ii) The transition can be considerably af-

fected by the sample geometry. Indeed, if one keeps in mind FIG. 1. Sketch of the experimental arrangement showing the
that Eq.(3) implies the full development of a free-flow half- crystal and fields orientations, the pick-up, and the 1D geometry of
space response in the bulk, any interference between offiux penetrationgray arex
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FIG. 2. Frequency dependence of the penetration depth at
=87 KandB=4.8 T, and the theoretical fits to E(R) for surface
pinning (full line) and Eq.(2) for bulk pinning(dashed ling In the
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inset, the tangent of the loss angle (taa\"/\") is plotted as

function of frequency so as to illustrate the strong deviations fromfo

the bulk-pinning response.

the flux through the gap between the pick-up coil and th
The gap size
(~100 wm) was measured independently by comparing the
Meissner signal to the full penetratiolow-frequency
normal-state responseThis normalization procedure yields
1-2 degrees of phase accuracy, and a resoluflopon 4
~1-3 pwm. Within this precision, the London penetration
length, which does not exceed Qufin in the explored tem-
perature range, as well as the penetration of the surface mo

sample in the Meissner

are negligible.

Let us first discuss results in transverse figklq). Fig-
ure 2 shows typical spectra measured in this geometry,
gether with theoretical fits by Eq&) and(3). Obviously Eq.
(2) is unable to account for the frequency spectivfif); a
fit of the phase, as shown in the inset of Fig. 2, is particularlyth
discriminating. By contrast, the quality of the fits to Eg)
gives clear evidence for the surface scenario. Now, in ord
to estimate a small bulk contribution to pinning, we fit sys-
tematically our results by introducing both sources of pin-Cross

state.

108

FIG. 4. Typical complex spectrum observed in the so-called
“liquid phase” (B>B* =4 T). The solid line is a fit to Eq4) for
the ideal response with;=25 w{) cm andLg=.

und 1Ls=0.029+0.002 um~! and 1A-<0.005 um 1.

Over more than 50 recorded spectra, we always found 1/

itse

pinning.

ning [see Eq.(1) of Ref. 23, where\: and Lg are two

adjustable parameters. For data of Fig. 2, for example, we
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duced units, aT =87 K for fields between 1.2 @6 T in steps of
0.4 T. The fitted parameters, i.d.g(B) and the “pinning fre-
quency” f,(B)=1&?/L are shown in the inset. The solid line is

graph of (1+ 2x+2x?) ~ %% from Eq. (3).

f /fP 102

to be zerowithin experimental accuracyOur standard un-
ﬁwinned YBaCuO crystal certainly contains a number of
small size or pointlike defects, including oxygen vacancies
density fluctuations, so that we are led to the conclusion that
such bulk defects do not significantly contribute to vortex

Data for different magnetic fieldsB{|a) have been col-
lected in Fig. 3 and plotted in reduced units so as to point out
{ae relevance of Eq(3) over the investigated field range.
From the field dependence dfs in Fig. 2, and woey?
=(Bgo— B)/2kZ with B, ,~25T and k2= k?/y?*~100, we
te_stimatel=0.3—0.9 pum, a value of the surface pinning
Qength which is quite standard according to previous mea-

surements in conventional materidls.
Unfortunately, the smallness of the penetration length and
e correlative large pinning frequencies, preclude the appli-
eﬁ,‘,ation of our technique to lower temperatures. In contrast,
our investigated temperature ran@@4—87 K allows us to

the reversibility line8* (T) for B|c. In spite of the

T=85K
B//c

56T
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B
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108
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108

FIG. 5. Frequency dependence of the real part of the penetration

depth atT=85 K for BJc. Fits to Eq.(4) (full lines) yield Lg
FIG. 3. Frequency dependence of the penetration depth, in re=64 and 328 um at 2.4 and 3.2 T in the “solid phase” ardy

in the text.
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= at 5.6 T in the “liquid phase.” The 2.4 T spectrum has been
magnified to emphasize changes in the frequency dependence. The
inset shows the steep decrease of the pinning strégts defined
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abovementioned restrictions about end effects, we can stitivo spectra belowB* exhibit the two-mode-like response.
draw some important conclusions on this first order transiAgain, a phase diagram, not shown in Fig. 5, confirms the
tion line, as it is one of the most exciting features of thefrequency dependence of a pure surface pinning. The steep

vortex phase diagram.

The magnetic field being aligned with tieeaxis, the tem-
peratureT=85 K is chosen so th&* =4T, as measured in
dc transport? In this geometry, size effects must be ac-
counted for, due to large values pf (smallerB,) making
o; exceed the sample thicknessat low frequencies. Under
these conditions, results must be fitted to E4).instead of
Eq. (3) (eventually including & term). A typical high-field
spectrum B>B*) is shown in Fig. 4; it displays the ideal
normal-like transition from the full penetration (=L/2) at
low frequency to the skin-effect regime (=\"<L). This
is confirmed by a fit to Eq(4), yielding 1Ls=0 (and 1A¢
=0).

In Fig. 5 we have reporteN’ (f), the real part of\ 5, in
the so-called “solid” and “liquid” vortex states. The3
=5.6 T spectrum abovB* is again fitted by Eq(4) with
1/Ls~0. We stress that, only abov®*, \'(0)=L/2, as

decrease of the pinning strengthBat, expressed in terms of
a critical-current densify K.=(1/Lg) \/Bgoo/,uo2 (A/m), is
shown in the inset.

In conclusion, the frequency spectrum of the depinning
crossover of an untwinned crystal of YBCO demonstrates
that the sources of pinning are localized at the surface, while
vortex flow is free in the bulk. This experiment questions the
relevance of common interpretations of critical currents and
vortex pinning, including the classical weak collective-
pinning approach. It also suggests that the interpretation of
the first order transition should be reconsidered in light of
these results. One may wonder at the vanishing of surface
pinning being simultaneous with the bulk first order transi-
tion; the paradox is only apparent, since surface pinning also
involves the bulk parameters.

This work was partially supported by NEDO, Japan for
the R&D of Industrial Science and Technology Frontier Pro-

expected from a transparent metal at low frequencies. Thgram.
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