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Effect of field tilting on the dynamics of vortices pinned by correlated disorder
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Low-temperature dynamics of flux lines in high-temperature type-Il superconductors in the presence of
correlated disorder in the form of columnar defects is discussed. The effect of tilting the applied magnetic field
with respect to the column’s directions is considered, using the non-Hermitian quantum mechanics technique
used by Hatano and NelsfN. Hatano and D. R. Nelson, Phys. Rev. L&, 570(1996)]. It is shown that the
critical current, as well as the vortex transport properties below this current, may be determined by “surface
excitations,” i.e., by the roughness of the flux line near the edges of the sample, which dominated the bulk
jumps. Phase-space considerations determine the critical thickness of the sample, below which the tilt-induced
surface transport exceeds the bulk mechanism. This critical length, which depends on the tilt angle as well as
the directions of the perpendicular field and the supercurrent, diverge at the delocalization transition.
[S0163-18207)51506-2

Flux line response functions in cuprate high-temperaturesquare well such ag(r)=—U, for r<by andV(r)=0 for
superconductors have attracted considerable interest in recant by. The temperature of the superconductor, in turn, cor-
years® In order to avoid dissipation of energy as a result ofresponds to the Planck constaitof the quantum boson
flux line motion driven by the superconducting current, theseproblem. For the dilute vortex arrays, where the pinning en-
lines should be pinned by crystal impuritiest turned out ~ ergy is larger than the interaction energy, there are two re-
that the pinning is much strongéespecially when many gimes. For low temperatureT&T* , T*=\Uge;bg) the
vortex interactions are taken into accouwhen these impu- localization lengthl, is on the radius of the defect, i.e., of
rities are in the form of correlated disordésuch as twin orderbg, so that each flux line is localized mnedefect. On
boundarie$ or columnar defect compared to the case of the other hand, folf>T*, the localization length of one
point disorder, resulting from vacancies of oxygen atéms. defect grows exponentially witli%, and the flux line is then
However, Nelson and Vinok@irhave pointed out that the localized by several defects, forming an effective
correlated defects pinning becomes less effective in casékdimensional potential well in the corresponding boson sys-

where the direction of the external magnetic field is tilted t€M-

ith t 1o the defect hich take to be alonasth The response of the flux line to superconducting current
with respect to the detects, which we take to beé alongzthe g, 4o plane perpendicular to the vortex directibnB trans-

direction. At some critical tilt, for which the energy per unit lates itself into the response of the boson system to an ap-
length of the defect is less than the energy associated with

the . . T o r;i_)lied electric field. For vortices oriented in tizedirection,
perpendicular field, a pinning-depinning phase transitio : e

) 4 the Lorentz force per unit length of the vortex is given by
occurs and the flux lines delocalize.

Critical bulk current and vortex dynamics below this cur-
rent for flux lines in the presence of columnar defects have fL= ﬁgx\], (1)
been considered in Ref. 3. The authors, using the mapping of c
flux lines in ad+ 1 dimensional superconductor to the world
lines of bosons in @-dimensional quantum system, identi- Which is the analog of a boson with chargg interacting
fied the phase-space diagram of the system which containsveith the electric fieldE=(1/c)zxJ.
high-temperature “superfluid” and low-temperature “Bose  Above the critical currentl;, the vortices are no more
glass” phases, as well as a Mott insulator at the matchindocalized and there is no superconductiviiy the sense of
field, B 4= n,ineo, for which there is one flux line per defect. dissipation-free current at zero temperajueymore. Below
At low temperatures, this matching field separates the “di-this critical current, the mechanism for flux flow is tunneling
lute” region of the Bose glass phase, for which the vortexvia thermally activated “half loops’(or, in the boson dy-
lines are pinned individually by the defect$i.e., namics, tunneling into the conduction bandor currents
ap~(¢o/B)*? the Abrikosov lattice constant, is much smaller thanJ;, the half-loop transverse displacement ex-
larger thand, the typical distance between two columnar ceeds the mean distance between occupied pinning sites, and
defectg from the high density region, for which interactions for thick samples the flux lines move via the nucleation of
are important in determining the localization length andsuperkinks, the analog of the Mott variable range hopping
transport properties of the flux lines. (VRH) in doped semiconductofs.

In the low-field region, the vortices are localized by the The depinning of the flux line as a result of external field
interaction with the correlated defects. Each defect is theilt has been carefully investigated by Hatano and Nefson.
analog of a two-dimensiondRD) potential well which we The Hamiltonian of the corresponding boson problem is no
shall take (up to logarithmic correctionsas a cylindrical longer Hermitian; the kinetic term of the Hamiltonian
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-, citation along the[z] axis. Moreover, we address only the
S dilute limit, for which the transversexf) displacement of
: P these excitations is less thay, so that the interaction is
3 taken into account by filling up the localized states in order

of increasing energy up to the chemical potential

Let us consider first the critical current. This current is
determined by the binding-free energl(T) as well as the
localization lengtH | = 1/k. Modeling the defect as a square
potential well in the boson systerg, is related toU(T) by
k=+2U(T)e,/T. Of these two/, is changed as the mag-
netic field is tilted. Near the surface of the sample, the local-
ization length should bé, (h, 8) = 1[ k—h|cos@)|T], where
# is the angle between the Lorentz forige(perpendicular to
the supercurreni, which we take to be in they plane and
the tilting field h. The absolute value is needed for the case

FIG. 1. Flux lines localized by columnar defects in the presenceof | §|) 7r/2, for which the critical current is dominated by the
of perpendicular fieldd,. The surface roughness extends distance“tail” of the flux line on the other end of the sample, as

7 into the bulk, and the Lorentz forde is at angled to the tilting  shown in Fig. 1. Thus, the critical current will take the form
field. For| 6| > /2, the contribution of the surface roughness to the

vortex transport comes from the “tail” at the lower end of the cU(T)[T«(T)—h|cog 6)|]
sample in the figure J(T,h,0)= . (4)
' Téo
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p%(2€,) (p=—iTV) is subject to imaginary gauge transfor- This critical current is determined by the surface ends of the
mation and takes the formp¢ih)%/(2¢,), whereh is re- vortex, for which the effect of the tilt is maximal. However,

lated to the perpendicular magnetic fielt#, via (e “creep” of the vortex in the direction of the filting field
h=¢oH, /(4m). As a result, there are two solutions for eachS limited by the effect of "‘|mage vortices” Whlch_s_hould be
localized (real energy spectrunstate, corresponding to the introduced in order to saUsfy the _boundary COI’IdIt'IOHS on the
eigenstates of the Hamiltonian and its complex conjugates.“rface? These image vortices will lock the flux line to the

These solutions, termegls and ¢, , correspond to the right defect and cancel the effect qf the tilt in the region deter-
or left “tilting” of the localized solution of the untilted mined by the London penetration depthnear the surface.

Hamiltonian. i.e. Thus, for very small perpendicular magnetic fields, where
T the surface roughness extensigh is less than the London
Yri(r)=exp(£h-r/T)y(r). (20 length, the tilt has no effect on the vortex pinning and there

is no change in the response functions of the flux system.
For currents less than critical, the thermally assisted flux
flow (TAFF) theory of the vortex transport gives the resis-

The probability distribution to find the flux line at the point
at a distancer from the surface of the sample is given by

P(r,7)=2"Yy'|exd — (L— DH/T][r) tivity p=£/J as
X (rlexp(— TH/T)| ') p=poe”'T, ®)
where F is the energy barrier for flux line jumps. Our basic
=Z71 (Y ImO(mglr)(r|n.) observation is that deep in the bulk there is no influence of
mn the tilt, so that the energy barriers for nucleating half-loops
X (ng $i>ef[-rEm+(L7-r)En]/T, 3) or double kinks are the same. The physical reason for it is

that, although the perpendicular fiettbcreaseshe energy

such that, ag. — o, the probability distribution of the flux barrier for one side of the kink/loop, ibhcreaseshe energy
line at the surface is proportional t¢r|gsL,R)=wg'sR(r) needed for the other side. The main effect of the tilt comes
where|gs_ r) are the left and the right ground state, respecfrom surface kinks/loopgor which the energy barrier really
tively. Deep in the bulk, the distribution is given by decreases. Although the resulting free-energy badteris
P(r,LI2)= Y ss= Wntinear 1-€., In the localized regime, smaller than the bulk one, so that the “resistivity” associ-
the flux line changes its shape near the surface, while reated with it is exponentially smaller, one should take into
maining unaffected in the bulksee Fig. 1 Typically, the account the phase space prefactor of these two mechanisms
“surface roughness” associated with the tilt extends into the— the number of surface kinks available is determined by
bulk up to some characteristic distance, which diverges as the width of the surface roughness, i.e., By, while the
the tilting angle approaches the critical angle, for which thenumber of bulk kinks is of orderl(— 7*)/Z, whereZ is the
flux line delocalizes and the current response becomes lineatistance for which the half loop/kink extends along the rel-

In this paper, we study the the effect of the tilt on the flux evant defect. Thus the nature of the current response is de-
line response to superconducting currents in the regiméermined by the thickness of the sample —Ifor L ;(h), the
where the tilting angle is smaller than critical, i.e., in the bulk excitations will dominate and the response is tilt inde-
Bose glass phase where the flux lines are localized. We agendent, while fol.<L. surface excitations become impor-
sume that the thickness of the sample is large enough, su¢ant and the voltage drop will be tilt dependent. As:h,
that it is much larger than the dimension of the optimal ex-(where h, is the critical field above which the flux lines
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delocalize L. diverges, so that near the depinning transition The phase space of the surface excitations is given by the
the resistivity of the system goes continuously to zero. width of the surface region divided by the “width” of the
In order to estimate the relevant quantities in the tiltedtypical excitation,z}, .ce- USiNg the above expressions for

case, we use the expressions for the free energy of the suhe free energy of the kinks/loops, one finds that
face excitations in the presence of the tilt. Consider now

surface excitation of the flux line with line tensief which c[ Ve Ug—h|cog 0)|]
extends for a distancealong the pin and has perpendicular ZsurfaceloopsJsN, 0) = 30 (13
extentr. The free energy of such jumps is given by 0
and
€1r2
5F—T+Uoz—fer—hrcos{0) (6) C[E,—h|cog 0)]]

Zgurfacekinks(Jahvo): Jbod (14
for the “half loop” surface excitations. If the jump is due to 0
the nucleation of superkinks, one should take into account i o i ,
the energy differences between different rods at distance 1€ resulting resistivity in thick samples will be deter-
This, in turn, is determined by the density of states at thdMined by adding in parallel the®/z* "surface resistors
chemical potentiaty(x),® and the free energy is with p=e’sufacd? to the system of I(—7*)/Z§,(J)
“bulk resistors” with Z§ 1 (3) = Z&,rtacd J,h=0). While the
surface roughness does not depend on the angle between the
current and the transverse magnetic field, the width of the
jump, as well as the free-energy barrier, do depend on it. It
The resulting saddle-point free energies are turns out that the resistivity in the “perpendicular” direction
(fLLhL[Z]) is independent of the tilt. For other directions of
SF* =[E,—h|cog 6)|d](J;/J) half loops (8)  the superconducting current, there will be a crossover length
L. below which the surface loops dominate the jumps. For
SF* =(E,—h|coq «9)|d)(JO/J)1/3 superkinks, (9) any tilt less than critical, the surface roughness is finite, so
that asL—o, bulk excitations are clearly the preferred
jumping mechanism, but &s—h_, the width of the surface
where Ey=Ve;Uopd, Ji=cUo/(¢od), and Jo=c/  roughness becomes comparable with the sample thickness
[ $og(w)d?], for d the average spacing between unoccupiedor each finite sample and one sees a crossover to surface-

pins. excitations-dominated transport. The critical length is related
Let us estimate now the phase space for such surface ey the parameters above as

citations, i.e., the width of the region in which this roughness

r z
5F=2EKH+W—fer—hrcos(0). (7

takes place. Using Ed3) one finds that the crossover be- ZE
tween the surfacgP(r)~ #R(r)] and the bulk, for which Le(3h,0)=7" exp OFik— OF furface - (15
P(r) is the same for the tilted and the untilted situation, is surface

determined by the quantit .
y q y There are two reasons for the divergence lof as

h—h,; one is the divergence af*, the other is the fact that
Y(r)=2 (m|[r]yexp — En/T), (100 Z¥, race—0, yielding infinite phase space for the surface ex-
m citations. However, there is a limitation on the minimal

wherer is the distance from the surface. The transition to thewidth z of the jumps; asz—A\, the London length, self-
surface behavior takes place whé(r) becomes indepen-  Interaction of the flux line locks the klnklloop, so thatsets
dent, and thus absorbed into the normalization factor fothe minimal excitation extent along tizeaxis. For the region
P(r). Typically, this happens when E@10) is not domi- in parameter space for whictt >\, the critical length will
nated by ther-dependent exponential factor, since then thedrow as [h|cos@)|—h.]™? for loop transport, and as
summation ovem is determined by the delocalized states,[h|cos@)|—hc]™® for kinks. On the other hand, as one ap-
yielding an[r ] independent result. Thus, for the case of half-Proaches the critical tilt, the region

loop tunneling, the width of the surface roughness will be

7™ (h,0)~T/E*(h,0) whereT«(E*)=h. This gives us the B E
Tt [he—hlcos o) 1< - (16
. Te; is entered, in which the excitations width could not shrink
Tloops™ (RZ_p2) - (1)  anymore. In that case the critical length diverges as
¢ [h|cos@)|—h.] ! for loops, and ag h|cos@)|—h.] 2 for
For the superkinks tunneling, the eneifgy; may be given Kinks.
by 1{g()r7], so that the energy exponent becomes negli- | would like to thank D.R. Nelson and N. Hatano for most
gible as7<7*, wheré helpful discussions and comments. This research was sup-
3 ported by the Rothschild Foundation, and by the National
= Tg(u) (12) Science Foundation under Grant Nos. DMR 9417047 and

(he—h)? DMR 9416910.



55 EFFECT OF FIELD TILTING ON THE DYNAMICS @ . .. R3385

1See, e.g., G. Blater, M. V. Feigelman, V. B. Geshkenbein, A. I. 5m. Konczykowskiet al, Phys. Rev. B44, 7167(1991); L. Civale

Larkin, and V. M. Vinokur, Rev. Mod. Phy$6, 1125(1994),
and references therein.

2p. W. Anderson, Phys. Rev. Lef,, 309 (1962.

3D. R. Nelson and V. M. Vinokur, Phys. Rev.4B, 13 060(1993.

4W. K. Kwok, S. Fleshler, U. Welp, V. M. Vinokur, J. Downey, G.

W. Crabtree, and M. M. Miller, Phys. Rev. Let&9, 3370
(1992.

et al, Phys. Rev. Lett67, 648(1991).

5M. Tinkham, Helv. Phys. Act®$1, 443(1988.

B. I. Shklovskii and A. L. EfrosElectronic Properties of Doped
Semiconductor§Springer-Verlag, New York, 1984

8N. Hatano and D. R. Nelson, Phys. Rev. L&, 570(1996.

9See, e.g., V. Ambegaokar, B. I. Halperin, D. R. Nelson, and E. D.
Siggia, Phys. Rev. B1, 1806(1980.



