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Depinning Transition in Type-Il Superconductors
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The surface impedancg( f) of conventional isotropic materials has been carefully measured for
frequenciesf ranging from 1 kHz to 3 MHz, allowing a detailed investigation of the depinning
transition. Our results exhibit the irrelevance of classical ideas to the dynamics of vortex pinning.
We propose a new picture, where the linear ac response is entirely governed by disordered boundary
conditions of a rough surface, whereas in the bulk vortices respond freely. The universal &y jor
thus predicted is in remarkable agreement with experiment, and tentatively applies to microwave data
in YBaCuO films. [S0031-9007(97)04152-5]

PACS numbers: 74.60.Ge, 74.25.Nf

A perfect sample of a type-ll superconductor in thesured by means of a pick-up wound coil. The main ex-
vortex (or mixed) state would be transparent to an elecperimental difficulty in such measurements is to ensure a
tromagnetic wave at very low frequencies. But defectrecise calibration of the phageof ¢, (within better than
are always present and strongly alter the quasistatic an@5° at 100 kHz). Thus we get the surface impedance of
low-frequency response; low frequencies here méans  the slab, defined as the ratigeq/bg. Putting
2w f <« Oy, a so-called “depinning frequency” [1] de- iz ieo _
pending on the material and vortex density. Itis important = ==X +i)M =Ae?, (1)
for applications to know what kind of defects can pin vor- Hofd Qbo
tices, how they hinder small vortex oscillations and therebythe ac response will be conveniently expressed in terms
restrain the penetration of an ac ripple. In this respect, af the complex penetration length® [4]. As is easily
study at low levels of excitation of both the resistive andseen,2byA (a factor of 2 for two faces) represents the
inductive part of the surface impedanZ€&)) = R — iX  amplitude of the ac magnetic flux penetrating the slab per
as a function of the frequency provides much informationunit length alongy. The lengthA” measures the dissipa-
about the dynamics of pinning. It is generally acceptedion, asA”/A = R/|Z| is the sine of the loss angle.
that bulk pinning centers limit the quasistatic skin effectto The analysis of the ideal response, though it is not
a pinning (or Campbell’'s) lengthc ~ 1-100 wm, while  observed (unles§) > (),), is an important step in our
dissipation is vanishingly small, as observed [1,2]. No
model, however, has been able to account for variations of .

Z at higher frequencies. In particular, as the first increas- z b, e \4
ing of R( f) is stronger than expected, the understanding of '

dissipation remains a puzzling problem, including in high T

T. materials [3]. S
Experiments are performed on a series of slabs of cold- 2

rolled polycrystalline Pbin and pure single-crystalline Nb.

The slabs £y) are immersed in a normal magnetic field l -

B; unless specified their thickne2g is much larger than a) ideal rough b) Wio

the flux-flow penetration depth, (see below). At equi- FIG. 1. (a) Vortex linesu(z) (full lines), and field profiles

librium, up_to the upper cr|t|.cal field.», a.regular Iattlc_:e b(z) (dashed lines) near one face of a thick slab are sketched
of vortex lines parallel ta; is formed, with the density with arbitrary units; for clarity, the actual length scaling,
n = B/¢o, Whereg is the flux quantum. Both faces of u < a < &/, is not preserved. For an ideal surface, vortices
the slab,z = *+d, are then subjected to an ac magneticend normal to the plane boundary, the weight of themode

field bye /9! parallel to the lengthx( direction) of the [11] is lowered, and a large normal-like skin effect is observed.

sample. Under such conditions. induced currents and ele For a real rough surface, a vortex-slippage effect at the surface
ample. Zior o . : fhduces a relatively strong bending of vortices over the depth
tric fields, J(z) ande(z)e , are along they direction, ), ~ 4, so that nondissipative currents associated with this

while vortices oscillate in the-z planes. For low excit- vortex curvature [9,10] are greatly screening the exciting field.
ing fields ¢y ~ 1 uT), vortex displacements(z) ~ 1 A (b) An isolated superfluid vortex in a rotating box of helium I
1

I d with th ¢ . -1 terminates at a wall asperity. If it is acted on in the bulk, the
are very smail compared wi € vortex spaang: n vortex line bends near the wall so as to keep on ending normal

(~1000 A, for B ~ 0.1 T) [Fig. 1(a)]. The electric field {0 the surface, making thus an angle with the mean smooth
eo at the surface = d, eg = e(d) = —e(—d), is mea- surface.
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argument. A perfect slab would behave like a linearof fields by ~ 1 uT to depthsA = by/ ot = 1 um,
continuous medium, of resistivity, and permeability which is much smaller than observed, and seeing that
pw=prpo (0<pu, <1). Hereps = p,B/B., is the A x by, no linear regime could exist at all. The linear
flux-flow resistivity, andu is the effective “diamagnetic skin effect over depthd ~ 100 wm was first reported by
permeability” of the mixed state [5,6]u, increases Alais and Simon [7], and then misinterpreted by consid-
steadily with the vortex density and rapidly approachesring the possibility of thermally activated vortex motion.
unity (typically w, > 0.9 for B = 0.2B., in Pbln). Inthe Soon after, Campbell suggested that the linear signal was
absence of pinning, an electromagnetic wavee  due to small reversible oscillations of vortices in their
e*kize=iQ o = £Ob/k;, can propagate in the bulk, pinning potential wells [2]: if a pinning restoring force
according to the simple equation of dispersiéh = —nKu (per unit volume) is introduced in the equation of
inQ/pr = 2i/6.,% [4]. The wave fieldb(z) would be ac- vortex motion, the propagation of thie mode is greatly
cordingly: b, cosHik,z)/ cosHik,d), whereby = wu,by  altered. At low frequencies, it becomes a nondissipative
if one makes allowance for a surface screening by diamagevanescent mode decaying exponentially in the sample
netic currents. This leads Wiz = u,Astani(d/As),  over a small depthAc = (Bgo/moK)> ~ 1-100 wm.
Wher'e Ap=(1+ i)_af/z. Assuming wu, = 1, this HereQ, = p;K/Bey [67(Qq) = Acv2, ¢ = /8] [1].
(undisputed) result involves all features of a normal skinAssumingu, = 1 andA¢ < d, the Campbell expression
effect. In the so-definethick limit (thick slabs and/or for A* reads

high frequencies), sayl = 287, Algeal = MrAr = Ay, ) | |

so thatA’ = A" = 6¢/2. In thethin limit, sayd =< &y, ===+ d=2x0). (2
Nigeat = mrd = d, which means perfect transparency. S VD Yo

As shown in Fig. 2, the actual response is quite .,
different: after a low-frequency plateauy* = A'(0) With A7 = i67/2, Eq. (2) accounts for the low-frequency

(A" = 0, ¢ = 0), the loss angle increases with frequency,pl?‘teau and t_he related_ order of magnitudélgf Other-
so that the ideal skin effectA{ = A;, ¢ = 7/4) is  WIS€, NO satisfactory fits of bot/((2) and A”(€2) can

recovered beyond some depinning frequerdy; this be. obtained from Eq. (2), as shown in Figs. 2 and 3. In
can be precisely defined as the midfrequency for whicrspite of recent attempts to improve the treatment of bulk
¢ = m/8. Note, in passing, that the observation of aPinning, the same difficulties are encountered in fitting
linear response is not consistent with predictions of gt(/) in YBaCuO [3]. Note in this respect that the

naive critical state model: A critical-current density asnclusion of thermal flux-creep effects [4] may enhance

small asJ, ~ 10 A/cn? should restrict the penetration the dissipation in an intermediate range of frequencies, as
¢ required (Fig. 4); it should be emphasized, however, that
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FIG. 2. The frequency dependence of the effective penetration A/]»lr f

depth A* = A" + iA” in the thick limit (d = 26). Experi- ) )

mental data:q) Phys,Ing 15 (2d = 1.26 mm, p; = 4.8 uQ cm, FIG. 3. The complex penetration depi = Ae'¢ of the
Qy/27 = 6 MHz). (@) pure niobium 2d = 0.85 mm, p, = Pbin slab referred to in Fig. 2 has been measured as a function
43 nQcm, Qu/27 = 6 kHz). Full lines are theoretical fits Of the magnetic fieldB, for three values of the driving
using Eq. (5), where\s is the only adjustable parameter; the frequency. Experimental data are plotted as the sine of the
flux-flow resistivity p, (thens, or A,) is measured from the dc 10ss anglee as function of the ratio\ /u, 8, so as to verify
voltage-current characteristics. According to Eq. (5) the unithe relationA = u,8:(Q}, B) sing (straight line) resulting from
versal Argand diagram oft*( f)/A*(0) is the quarter circle EQq. (5). The limit sinp = 1/+/2 corresponds to the normal
shown in the inset[1 + (Q/Q,)e "/*]"!. For comparison state or to the depinned vortex array. The Campbell equation
the dashed line is the diagram predicted by the Campbell equg?) leads to much smaller loss anglés: = %5} sin2¢ (dashed
tion (2). line).
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FIG. 4. The microwave surface resistangeof an YBaCuO

the classicalk; mode &; = *i/A); this is a London-
like nondispersive evanescent mode, which dies off over
the depthAy (ko = =i/Ay) [11]. Note that, in practice,
Ay < 67, A andd. In a purek;-mode vortex and field
lines bend in opposite directions, whereas they coincide in
a purek; mode. More explicitly [6,11],

by pr _ wm

B 1l—pu Ay

3
where v, = ou/dz (vix = ikiuix, vax = ikour,) and
b/B measure the slopes of vortex and field lines, respec-
tively. Then the respondgz) will be that combination of

the modesp, + by, which satisfies the field continuity,
by = bip + by, as well as the correct boundary condi-

by u

Vixy = = , Vyy =
1x B )lf 2x

film (sample No. 2 of Ref. [3]) vs frequency plotted in a log-log tion for vortex lines. The latter condition will determine

scale. @) are experimental data taken from Fig. 6 of Ref. [3].
The full line is a fit using our Eq. (5), and takings and p,
(or As) as two adjustable parameters (we fingd = 0.07 um,

pr =04 uQcm, Q,/27 = 100 GHz). This fit is very close
to the empirical power lawk ~ f'27 proposed by the authors. Ay <&y and A).

the relative weightsB, = b10/by and B> = byy/by of
the modes 8, + B, = 1), and, therefore, the effective
penetration depthA™ = BiAs + BoAy = BiAs (since
For an ideal surface, the vortex

The dashed line shows the best fit obtained in Ref. [3] from theboundary condition is clearly, = 0 [point (i) above];

Coffey-Clem flux creep model [4].

then using Eq. (3), we just recover the simple classical-
diamagnetism result, that i8; = u,. Now, the point
is that the surface roughness may considerably change

flux-creep models [4,7] predict an unobserved divergencehis boundary condition, so as to enhance the weight of

AM=Ao«Q 2 a0 — 0]8].

the second mode [Fig. 1(a)]. Thus we argue that small

The model of the critical state based on the Mathieueffective skin depths at low frequencies should not result
Simon (MS) continuum theory of the mixed state [9,10],from restricting the penetration of thg mode, but from

has prompted us to an alternative interpretation.

Waets amplitude being reduced due to the screening effect of

briefly recall the points of importance in the MS theory: the second mode.

(i) each vortex line (unit vector) must terminate normal

According to the MS model [9,10,12,13], if the surface

to the surface s X n = 0); whence the leading part of has irregularities on the scale of vortex lines can bend
the boundary conditions (rough or smooth surface) in anpver a depthAy, making thus an angle with the mean
problem of equilibrium or motion of vortices. (ii) Vor- smoothed surface =d. On the average, and in any
tex lines are not always field lines, so that the vortex fielddirection x, « should not exceed a critical value. ~

o = npov and the mesoscopic field must be regarded 1°-10° (v,).—y = vy = Sina, ~ 1072-10""!

[9,10].

as two locally independent variables. The conjugate variAs stated above, superficial nondissipative supercurrents
able ofw, € = e(w,T) v, appears as a local line tension (J; = —curle) can result from such distortions of the
o€ (J/m) in the MS equation for vortex equilibrium or vortex array; integrating-curle, the net current density

nondissipative motiory, + curle = 0. (iii) The classi-
cal picture of a local diamagnetism is misleading [6]. Ae = B(1 — u,)/ ;.

in the y direction is iy(A/m) = (e,) = &(v,), Where
A dc subcritical current can be

diamagnetic current, just like a subcritical transport cur+egarded as a frozen pukg mode in the limit(} — 0.

rent, is a true nondissipative supercurrgpt(= —curle)

To the maximum,i, = i, = —vB(1 — u,)/u, is the

flowing near the surface over a small vortex-state penetrasurface critical-current density. Starting from an equi-
tion depthAy (=Ao, the zero-field London depth). Any librium, where{r,) = 0, a shift of the bulk vortex array

deviationw — B also heals beyond the depily, so that
o = B inthe bulk sample. Although the mean magnetic-direction, v, = f(upur) With v, = f(u~ a).
moment density of a perfect body turns out to-be, the

is expected to induce a vortex curvature in the opposite
Perhaps
such avortex slippag€r, < 0 if u > 0) is more intuitive

quantity —e has not the primary physical meaning of awhen dealing with superfluid vortices in a rotating box
local magnetization, nog,, conveniently defined as the [see Fig. 1(b)]. In helium, bulk pinning does not exist,

ratiow/(w + uoe), that of a true local permeability [6].

and only asperities of the walls can pin vortices [14]. We

Let us return to the ac response of the slab in the standaate just extending this idea to collective motions of a
geometry of Fig. 1, and suppose that bulk motions are unvortex array along a rough surface of superconductors.

restrained (no bulk pinning). As pointed out by Soeiral.
[5], the distinction betweew and B implies additional de-

Linearizing v, = f(upu) for small displacements we
can writev, = —uwy /I, Wherel is a real length charac-

grees of freedom, and a secohgdmode appears besides terizing the surface roughness= o« would correspond
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to an ideal surface; in practice we expect that a/v. ~  current densities i{ ~ 10 A/cm: polycrystalline lead-
0.1-10 um. As far asAy < &y, this condition applies indium slabs and single-crystal slabs of pure niobium
guasistatically in the ac response by taking;x = u;9, (Figs. 2 and 3). For the application to the case of

so that thevortex-slippage conditioneads YBaCuO atf ~ 10 GHz, our derivation of Eq. (5) has to
1o be reexamined, especially because of the anisotropy and
Py = —— . (4)  high-frequency correcting terms in the dispersion equation

bstituti ; l_ in the ab | for the two modes [11]. Nevertheless, it is worth noting
Now, substituting Eg. (4) for, = 0 in the above calcu- ¢ £q. (5) may account for the observgdiependence
lation of B; and B3,, and considering théhick limit, we of R in YBaCuO from 1 to 20 GHz (Fig. 4) [3]. These

obtain results support the argument, developed in previous works
1 1 1 S inning i i ive i
1 L 1 (thick limit,d = 25,),  (5) [9,10,12,13], that“bulk”plnnlng is absquFer ineffective in
A we Ay Ag : a large class of “soft” materials (devoid of strong bulk

inhomogeneities). Contrary to the common idea that any
crystal defect may be a pinning center, we are led to the
conclusion that a normally homogeneous sample in the
mixed state rather imitates the behaviour of a superfluid
vortex array enclosed in a rough box.

whereAs = I, /(1 — p,) ~ Ba/uoi. is the real limit of
A= BiA; asQ — 0 (Ay = v2i §;/2). Note that set-
ting w, = 1 from the beginning would lead wrongly to
A" = As; that is the ideal response. While giving the
same low- and high-frequency limits as Eq. (2j(0) =
As (real) andA™(») = u,As (depinning), Eq. (5) remark-
ably fits experimental data in the intermediate raflye-
Q, (Figs. 2 and 3). According to Eq. (5), the graph
A*(Q) in the Argand diagram must be a quarter circle [1] J.I. Gittleman and B. Rosenblum, Phys. Rev. L€, 734
(Fig. 2). This universal behavior should be easily tested  (1966).
in any case, irrespective of any adjustable or available pa{2] A-M. Campbell, J. Phys. @, 1492 (1969).
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4), we observe that the ac response becomes thickness” rey. B46, 5830 (1992).
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