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Vortex Pinning by Competing Disorder: Bose-Glass to Vortex-Glass Crossover
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Magnetization measurements have been used to study the Bose-glass to vortex-glass crossover in
YBa,Cw;O;—, crystals by varying the anglé between the field and the twin planes. Two critical
anglesf; and 6x are found: Forf < 6, vortices lock in to the twin planes; fat; < 6 < 6k, a
kinked vortex structure occurs; far > 0, hysteresis loops reproduce the magnetic response of the
untwinned regions where pinning is produced by random point defects. The #iglesd 6; depend
only on the disorder in the untwinned regions and scale \Wkiv (6x)] %3, where AM(0k) is the
hysteresis width fop > 6.

PACS numbers: 74.60.Ge, 74.25.Ha, 74.72.Bk

The mechanism of flux pinning in the superconductingtwin planes. We have observed for the first time clear
YBa,Cw;0;—, (YBCO) crystals is still a matter of con- experimental evidence of the existence of a critical angle
troversy and great interest [1-6]. The defect structureg; below which vortices lock in to the twin planes and
causing flux-line pinning in YBCO are a random distribu- above which a kinked structure of vortices occurs at
tion of point defects and randomly spaced twin boundarieangles up tofx. So far, only the latter angle has been
which form a structure of planar defects. We have alreadyeported [11]. The field and temperature dependencies of
reported that twin planes can very strongly affect the magé, andéx are found to be identical and are controlled by
netic behavior [5]. In fact, we observed that twin planesthe disorder in the untwinned regions.
contrary to the usual belief, can reduce the effective pin- The crystals investigated were grown by a conventional
ning. We have demonstrated that in microtwinned crysself-flux method. The details of the growth, oxygena-
tals with one direction of twin planes (either 1101di0),  tion, and detwinning process are described in Ref. [12].
the magnetic hysteresis width is strongly reduced becaus8ll crystals investigated have®. = 93.8 K with AT, <
of vortices channeling along twin planes. 0.3 K. The width of the transitionAT,, is the tem-

Pinning by various defect structures has been the focugerature range over which the zero field cooled magne-
of extensive theoretical investigations [7—10]. Differenttization in a field of 0.1 mT varies from 10% to 90%.
defect structures may give rise to different vortex phasedJsing the data by LaGraff and Payne [13], we have as-
For instance, in the presence of randomly distributed poinsigned an oxygen content @f— x = 6.92. Crystal A is
defects a transition from a vortex fluid to a vortex glassmicrotwinned with one direction of twin planes (the twin
is expected when decreasing the temperature [7]. In thplanes go all the way through the crystal and their sepa-
case of extended defects, such as columnar defects or twiation varies from about 0.5 to mBm), and crystal B was
planes, the low temperature phase is expected to be detwinned; after detwinning, polarized light microscopy
Bose-glass phase [8]. The experimental evidence for theevealed a surface fraction of misaligned phase of less
existence of these two low temperature phases (the Bostian 1%. The sizes of the crystals @88 X 0.79 X
glass and the vortex-glass), which characterize the loss @02 and0.72 X 0.7 X 0.052 mm?, respectively. Magne-
the long range order of the vortex lattice, is still a mattertization measurements were carried out on a 6 T SQUID
of controversy. In the presence of strong point disordermnagnetometer (Cryogenics Ltd). Data were taken with an
extended defects may become irrelevant and therefore thexcursion length of the sample set to a minimum (1 cm)
low temperature phase will be dominated by point defectén order to avoid problems of field inhomogeneity.

[9] (vortex-glass phase). Since extended defects promote Figure 1 represents a detailed angular analysis of the
flux-line delocalization (for magnetic fields parallel to magnetization. The data are given for crystal A. The
the extended defects), and point defects promote fluxapplied magnetic fielH, is rotated in the plane defined
line wandering, the dominant defect structure can bdyy thec axis and the normal to the twin planes as shown
identified by changing the angle between the applied fieldn the inset of Fig. 1. The angk between the axis and
and the extended defect [9]. In this Letter, we present 8, was varied from 0to about 20. The uncertainty in
detailed magnetic study of microtwinned YBCO crystalsthe angle was less than 0.5

with a simple twin structure at temperatures up to 70 K, When the applied magnetic fieltl, is tilted away
magnetic fields up to 6 T, and at various angles betweefrom the ¢ axis, the measured magnetizatidf arises
the twin planes and the applied field. The plane ofmainly from the projection of the component along the
rotation is defined by the axis and the normal to the ¢ axis of the magnetization [3M,. Figure 1 shows
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a0 With increasing angle, the temperature dependence of
2 k% e e AM(T) evolves gradually into the curve f@t = 19.6°.
;31*““"**}_“:; ?;63 Also shown, in the inset, is a comparison &M (T) at
0 < 16 # = 19.6° for the microtwinned crystal A andM(T)
s at § = 0° for the detwinned crystal B. The data for
-20 D R e sK the latter crystal have been normalized to the size of the

former. This comparison indicates that fér> 6, the
magnetic behavior of the microtwinned crystal represents
the magnetic response of the untwinned regions. It is
worth noting that the value obx increases when the
pinning force f, « AM(6k) in the untwinned regions
increases with decreasing temperature. A similar analysis
can be made for the magnetic field dependencd of
Since for # < 6, the hysteresis width is almost field
independent, the value 6k increases witly, increasing.

As we will see later, the temperature and magnetic field
dependencies of;, and 6x are closely related to those
of f,.

For 6§ < 0k, the temperature dependence of the hys-
teresis width, and hencé. (AM « J.), is reduced. A
weak temperature dependenceX¥/ is observed when
0 = 0°. The twin planes are planar defects and therefore

po Hacos 0 (T) the pinning potential along the planes is less sensitive to
FIG. 1. Magnetic hysteresis at the indicated temperatures aridiermal fluctuations. This is because the dimensionality
angles for the microtwinned crystal A. The anglés between  of the thermal fluctuations is reduced. In this case, the
the applied magnetic field and the twin planes as sketched igyritical current is expected to decrease with temperature
the inset. The arrows indicate the field sweep direction. according to the power law [10]. In the case of random

point defects, the critical current is theoretically expected

M, = M/ co9 as a function of the componeH, along [10], and experimentally observed [14], to decrease ex-
the ¢ axis (H, = H,co¥) at the indicated angles and ponentially with temperature. Hence the change of di-
temperatures. At a given temperature and in the fielanensionality of thermal fluctuations qualitatively explains
region where channeling of magnetic flux along twin
planes occurs, the hysteresis widild increases a#l,
is tilted away from the twin planes, in agreement with our
earlier report [5]. Two characteristic angles need to be
defined: an angl@,; above whichAM starts to increase
and an angl@g above whichAM stops increasing. The 4
angle 0k increases as the difference between the inner
hysteresis loop(# = 0) and the outer hysteresis loop
(6 > 6k) increases. This behavior is clearly seerfat
30 K. It is worth noting that the magnetization is very
weakly dependent on the magnetic field, whether vortices
are fully or partly locked in the twin planes. This feature
indicates that the twin planes behave as current limiters.
The measured magnetization is the volume average of the
magnetic moment produced by current loops flowing in
the sample. The current density of the loops around the
whole sample is limited by the critical current density
along the twin planes. Once this limit is reached, these =3\,
loops will split up into small ones to fill the untwinned 00 20 40 60 80
regions. Since the magnetic moment is proportional to T(K)

the area of the loops, the magnetization results mainl
P g %IG. 2. Temperature dependence of the hysteresis width at the

from the loops of the current flowing around the whole o indicated angles and at the applied magnetic figléf, cos) =

the _S,ample. . . 4 T. The inset shows a comparison between the microtwinned
Figure 2 shows the hysteresis widW at uoH, =  crystal A for @ > 0x(T) and the detwinned crystal B for
4 T as a function of temperature, at the indicated angles? = 0.
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why in the presence of a twin plane structure, the temper- The interaction of the vortex system with extended de-
ature dependence &fM is reduced. fects (twin planes or columnar defects) has been theo-
Figure 3 represents the heart of this Letter. Figure 3(ajetically investigated [8,9,15]. As the order parameter is
shows the angular dependence of the hysteresis widttlepressed at the twin planes, there exists an energy bar-
AM(6) at the indicated temperatures and magnetic fieldrier €.,, which impedes the motion transverse to the twin
The anglesf; and 0k are also shown. The data are planes. Itis because of this barrier [8,10] that vortices are
normalized by the average valueM,,,x of the hystere- expected to be locked in. It is also expected that when
sis width obtained fom > 6x. Two important results the magnetic field is tilted away from the twin planes by
need to be underlined in the depicted transitions. Firstlyan angled smaller than a critical valué,, a kinked vor-
the hysteresis width/AM (6) varies linearly withé for  tex structure occurs. The angle is predicted to vary as
0, < 6 < 6 and secondly, the angl increases as the [e,,]> and to be only weakly dependent on temperature.
pinning force in the untwinned regions increases with dein this work, the experimental value of the angle below
creasing temperature. Figure 3(b) represents the relatiwghich a kinked vortex structure is believed to occur is
decreaséy, defined by strongly temperature dependent, we chose to cal it
AM(6) — AM(0x) The Ioc_ked-in situation and the kinked structure are
= AM(6x) — AM(8,) Q) revealed, in our case, thrqugh channeling of the_trapped
K L vortex segments in the twin planes, thereby leading to a
as a function of /[AM (0¢)]*° at the indicated tempera- depression of the magnetization. The “channel” produced
tures. A similar analysis &t = 30 K for various applied by the twin planes will obviously be less effective when
magnetic fields leads to the same results. All the curves atortices are only partly trapped. Fér< 6, twin planes
all the temperatures and magnetic fields abey® > 2 T  will trap the whole length of a vortex and exert on it
collapse into one curve indicating th@t andéx are only  a pinning forcef,(6 = 6;) = f,(0). For § > 6;, a
governed by the disorder of the untwinned regions. kinked structure will occur and the kinks will organize
themselves into chains [9] so that the twin planes will
still be fully occupied, but by vortex segments. These

R

HoH,cos0=4T 8, (5K) segments will feel an increased pinning force in the twin
12 | planes because they are part of vortices that are partly
lying in the untwinned regions where the pinning force is
23 stronger. The average force per unit length exerted on the
g 08 vortices will increase with the number of kinks produced
3 by the increase of the ange This is because the size of
=1 the trapped segments in the twin planes will then decrease
< 04 A4 [10]. This force can be expressed in terms of the relative
p— f """""" () variation of the length of the trapped segmeéis/L as
2 T-%0K 9, (5K) follows:
YT e e Fol®) = £000) = Lfu — fip@12E. ()
a(deg.) Jtp tp\UL u tp\VL L s
. . A where the pinning forcg, in the untwinned regions is
o 0.0g—op & & 2 assumed to be angle independent, since in the magnetic
e field range of interest and for small angles only the
32 component along the axis is relevant for the magnetic
= -04 response of the untwinned regions [3]. In the range of
< angles considered here [9L/L ~ —(8 — 6;)/(6x —
< o T=5K 61), where we used the fact that, (6x) = f,. It follows
& 08|, 7l from Eq. (2) that
& ¢ T=20K (b)
- S %:gg ftp(a) - ftp(aL) 6 — GL
& T=60K 5R~ -1l=— —1. (3)
%05 o0 o0l 00 00l 00z 003 fu= Fip(01) Ok — 0

This model is consistent with the linear behavior ob-
. served experimentally. We found from our experimental
FIG. 3. (a) Angular dependence of the normalized hysteresiglata thatdx increases with increasing the pinning force
width to its maximum value, at the indicated temperatures an% in the untwinned regions. The anglés and#x have

at the fixed applied magnetic fiejdyH, co® = 4 T. Note the e
existence of two characteristic anglés and 6. (b) Scaling the same magnetic field and temperature dependence and

of the curves represented in (@) is defined in the text; the both scale wit{AM (6x)]*>. Consequently, ag, does
lines are guides to the eye. not appear explicitly in Eqg. (3), we must assume that the

8/ [AM (6:)]*°
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increase or decrease ¢f is followed by changes in the ized in a plane of width, « J~!, whereJ is the current
effective potential barrier produced by twin planes. Atdensity flowing in the untwinned regions.

intermediate temperatures where the magnetization goesThis work is part of a project supported by the
through a maximum at a magnetic fietd},, the field de- EPSRC (Engineering and Physical Sciences Research
pendence ok is symmetrical around?, (see Fig. 1). Council, U.K.). L.T. acknowledges the support of the
This behavior suggests that only the current of dengjty Canadian Institute for Advanced Research and the Sloan
flowing in the untwinned regions, matters. Therefore, theé=oundation.
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