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Correlation of the vortex order-disorder transition with the symmetry of the crystal lattice in V ;Si

H. Kipfer!? G. Linker! G. Ravikumar Th. Wolf,* A. Will,* A. A. Zhukov? R. Meier-Hirmer! B. Obst; and H. WinI*?
'Forschungszentrum Karlsruhe, Instittt fiestkaperphysik, Postfach 3640, 76021 Karlsruhe, Germany
2Universita Karlsruhe, Fakulta fur Physik, 76131 Karlsruhe, Germany
3Technical Physics and Prototype Engineering Division, Bhabha Atomic Research Centre, Mumbai-400085, India
“4Forschungszentrum Karlsruhe, Instittir flechnische Physik, Postfach 3640, 76021 Karlsruhe, Germany
SDepartment of Physics and Astronomy, Southampton University, Southampton, SO17 1BJ, United Kingdom
(Received 30 September 2002; revised manuscript received 16 December 2002; published 28 February 2003

The transitions from the ordered Bragg glass into the disordered vortex states at low and high fields are
investigated by magnetization measurements varying the angle between magnetic field and crystal lattice
orientations in a distinct manner. A single crystalline sphere is used to obtain an uniform demagnetization and
not to introduce vortex disorder from sample edges. No angular dependence was observed when the pinning
energy dominates. However, if the elastic energy of the vortex lattice is superior, the formation of the Bragg
glass depends strongly on the relative orientation of both lattices. If the sphere is rotated aro[t@Dthe
direction of the crystal with the field being perpendicular to it, a fourfold symmetry, both of the transition fields
and of the strength of the vortex metastability, is found. The recent observation by YethalajPhys. Rev.

Lett. 82, 5112(1999], that the vortex lattice reflects the symmetry of the crystal lattice alsg8i i in good
agreement with our investigations. Comparative measurements made on the sphere and on a crystal with edges
revealed the influence of disorder on the Bragg glass induced by the sample shape.
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I. INTRODUCTION However, in previous investigations of the vortex lattice in
cubic rare-earth nickel borocarbides square lattices and tran-
The transition of the vortex matter from the quasiorderedsitions between square and hexagonal lattices have also been
Bragg glass phasé8G) into the disordered state or vortex found in these superconductdfsRecently, Yethirajet al*®
glass(VG) is a topic of considerable interest in the vortex OPserved, in \{Si by small-angle neutron scattering, that for
phase diagram of low and high, superconductors. In addi- & certain orientation of both Iatt|c<_as t_he he_xagona_ll vortex
tion to this high-field order-disordéHF-O/D) transition, the ~ |atlice transforms into a square lattice in an increasing field.
BG undergoes at low fields another transition into an amord NiS iS _par5t2I31/ in accordance with predictions of theoretical
phous o disodered saef-OID) when the ntrvorex - CACUI00NS 1 e formaton of deentvorey e con
?g&i?:;;ggiiﬂggggﬁf :ﬁetleallé%r;zoge?\zggtnraet'lggtgeep ie direction of the applied fielld., it is natural to expect that
. T Yhe HF-O/D and LF-O/D transitions also show such an an-
ergy of the vortex lattice ) and the_plnnlng_energﬁ(o) gular dependence. The main purpose of this paper is to in-
(Refs. 1—4—are expected to be of first order. They are  vestigate if such a correlation exists by measuring the angu-
accompanied by vortex state metastability and magnetic higar gependence of both order/disorder transition fields on the
tory effects, well known for the HF-O/D transitién;®and  ¢rystal orientationSec 11l A). Magnetic history effects, re-
recently also found for the LF-O/D one in NdB2w;O; and  |ated to “superheating” and “supercooling” of the BG and
V3Si** The low-T, superconductor ¥Si has a high Gin-  the disordered states, in the low- and high-field transitions,
zburg Landau parametet a very small anisotropy, and is in  and their correlation with the crystal symmetry, are discussed
the clean limit. Its pinning energy can be tuned by fast neuin Sec IlIB. In Sec llIC it is shown that this interaction
tron irradiation and subsequent thermal anneafifdallow-  between vortex and crystal lattices is only modified but not
ing a considerable variation of the field region where the BGdestroyed by the influence of vortex disorder induced into
is established. Based on these properties our studies hatfee BG by macroscopic edges of the sample shape.
focused on the vortex phase diagram and related effects in
V3Si and on the comparison with results obtained from high-

T superconductors. Stoichiometric \4Si was prepared by repeated arc melting
In an ideal type-Il superconductor the structure of the BGand subsequent homogenization at about 1800 °C under 0.5
phase is expected to be a triangular lattice due to a repulsiviar argon pressure for three weeks. Grain growth from this
interaction between vortices. Other structures of the vortexreatment, which also dissolves;$i; precipitates, results in
state have been observed in cubic single crystals ofTlpw- grain sizes up to 1 cm. A part of this material was irradiated
and low« superconductors at low fields. Depending on thewith fast neutrons to a fluence of cm™?2 (neutron energy
crystal orientation relative to the applied magnetic field theabove 1 MeV at 40 °C. At this irradiation temperature the
vortex state may have a twofold-, threefold-, or fourfold radiation-induced primary defect cascades reformed into
symmetry, and its orientation is locked to the crystal latticestable, small point defect clusters. From the material before
in a unique mannéf Such a correlation between the two and after irradiation, spheres of 1.8 mm in diameter were
lattices was expected to be unimportant for highraterials.  prepared by the spark-cutting technique, and then chemically
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etched and polished in order to remove the damaged surface. 06 . SO 1'3 3K 1
. . ! ~ - 8
From these samples as well as from broken fragments single N e .. Sl 13.0K
) ~ .
crystals were selected by x-ray measurements anfili, o NS SA 13.3K |
1 ) -~
DN

[110], and[111] crystal directions were determined. A more Y

detailed description of preparation, irradiation, and annealing S ook

was given in Refs. 15-17. E TN s S —
E

.-

The magnetization was measured with a vibrating sample
magnetometefOxford Instrumentswhere the sample can be 2N !
rotated in a plane perpendicular to the applied magnetic field . E N
up to 7 T. The misalignment between the field direction and -0.6 s
a specific crystallographic axis around which the sample 0 2 4 6
should rotate was in the range of 2° to 10° because different B(T)
sample holders were used in the x-ray and magnetization
equipments. At each angle the magnetizatiiB) was mea-
sured with a constant sweeprate of the magnetic field o
102 T/s. After each measurement of the magnetization th
angle was changed to the next position; then the field wa

cycled to a large negative value in order to erase the irrevers: . ) .
ible magnetic prehistory before the next magnetization loo he angled between the applied field and crystallographic

was recorded orientation as a parameter. As an example, Fig. 2 shows
We discusé measurements made on a spi8@nd on an m(B) at four angles which differ by 45° whgn the sphere is
irregularity shaped, broken piec®), both single crystal- rotated around th¢100] direction and the field is perpen-

line, from the same arc-melted ingot prepared by the samg'?utl.%r to_tr;e {rc])tatlon axgéns_t:rt]_m 1':(;(?/ 2. AEO' any Ig_thezr
procedure. After homogenization, but before irradiation, bot btation gives the sarme(B) within 0 as Shown In Fg. 2.

samplegSO and PQare characterized by the residual resis- uch an isotropic behavior, which results from the fa”do”.‘
tivity ratio R=42, the transition temperatufé,=16.49 K. defect structure and the low superconducting anisotropy, is

the transition widthAT,=100 mK, and ac value of 17. At 2iS0 expected in sample SA. But the experimental observa-
13.3 K, where the upper critical fieB, is close to 7 T, the BG sta?e the ma ‘r)]Fe)tizati.on becomes stronblylependent
BG extends without a HF-O/D transition up to the vortex 9 P ‘

liquid state. The same samples after irradiati&h and P) !ann F|'3¢3atshz CZ;;?ég?niﬁgw ?am :fré)zlaoétoe\;je:/'sgit;)m\tglhli
haveR=11, T,=16.11 K, AT, =280 mK, x=24, and very "9 P - “he gray 3

high current densities which prevent the formation of the BG?.E??'ZT J:g;n d?agr?(;aélrf?go(?iszt dgf:rrse?rt] ?lee\z/sGa;és\.g It<He
throughout theB, T plane. In order to decrease the pinning eak ﬁelgd B>5 'IE)) as well as in?ﬁe amorohous state at low
energy to a value, where the HF-O/D transition occurs and i P ;
experimentally accessible, the samples were annealed for 2 lds B8<0.5T). The small angular dependence in these

o : two field regions on either side of the BG is accounted for by
at 630 °C. In this stat€SA and PA the parameters changed ) . : :
to R=16, T,=16.37 K, AT, =320 mK, x=21, and the HF- the anisotropy oB,,. But in the BG withE¢>E, the irre-

O/D transition is at about 3.5 T at a temperature of 13.3 Kversibility varies with® by more than two orders of magni-

o — "~ tude. At certain angles a reversible behavior may be ob-
where the upper critical field reaches 6.7 T. served in a wide field range between 1.4 and 3.4 T, whereas
at other angles the current density is abov& A@&m? in this

field region. This extraordinary angular dependence of the

FIG. 1. Magnetizationm(B) of the V;Si sphere after homogeni-
ation (SO), fast neutron irradiationSl), and partial annealing
SA), measured at a temperature, which corresponds to the same
gpper critical field.

IIl. RESULTS AND DISCUSSION

A. Formation of the Bragg glass and the symmetry between

vortex and crystal lattice 04 , ‘ .

Figure 1 shows a comparison of(B) obtained from the 1S‘!f 5K
same V{Si sphere but with quite different values Bf . The 02f ¢=0°,45° R
measurements are made at temperatures sucB thags the = 90°, 135°
same value. The magnetization of the sphere before irradia- £ 00
tion (SO) at 13.3 K is reversible above 0.5 T, corresponding E
to a current density<5 Alcn?. After irradiation the current \
density of the sphergSl) at 1 T and 13.3 K is 6 02¢ , ~ B 1
x 10" Alcm?; the sharp spikes im(B) result from flux = sphere
jumps. At 1 T and 13.3 K the annealed sphe34) in the BG 04 ;  E— 7
phase has about 1@/cm? and 5x 10° A/cm? in the peak B(T)

region at 5 T. It is reversible in intermediate fields from 1.6
to 3.2 T. Fast neutron irradiation at room temperature induces FIG. 2. Magnetizationn(B) of the V;Si sphere after fast neu-
small clusters of pointlike defects which are isotropic andiron irradiation at different angle® between the crystal orientation
randomly distributed. The isotropy of this defect structure isand magnetic field. The rotation axis is parallel to tHa00] di-
demonstrated by measuring magnetization loops in Sl withiection of the crystal.
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FIG. 3. Current density(B) of the V;Si sphere after annealing,

measured at different angleb between crystal orientation and
magnetic fieldB. The gray area coveljgB) from all possible varia-
tions of ®@. If the rotation axis is parallel to thgl00] direction of
the crystal andB along[010], j(B) is given by the black line ®
=90°), whereas the white line correspondsg{B) for B parallel to

the[011] direction (@ =45°).

magnetization is unlikely to result from an amorphous vortex,,
phase introduced by the sample edges because the stud
sample was a single crystalline sphere with an isotropic d
fect structure and a small superconducting anisotropy o
about 5%. Among alj(B) curves two have a very different
shape(thick lines in Fig. 3. They are obtained for a rotation
axis parallel to th¢100] direction andB parallel to thg010]

(P =90°, black ling or to the[011] direction of the crystal
(d=45°, white line. The corresponding magnetization
curves, shown in Fig. 4., differ considerably with respect to
the widthAm in the BG region but are very similar in the
VG above the peak fiel@, and at fields below 0.5 T. We
can, therefore, also exclude the presence of any macrosco
defects of preferred orientation as an origin for the observe%C
behavior. Magnetization curves obtained between these tw,
specific angles or/and for different rotation axes show th h
familiar shape of the well-known peak effectb&67°;
dashed line in Fig. ¥ To quantify the field width where the de
BG exists, we define the transition fielk],- of the HF-O/D
transition as the point of intersection from a linear extrapo-,
lation of m in increasing field(thin lines at 67° in Fig. %

m (emu)

0.04

0.02

-0.02

-0.04

0.00

SA

B(T)

FIG. 5. Angular dependence of the high- and low-field order/
disorder transitiorByr andB g, respectively, of the ¥Si sphere
after annealing.

This determination becomes difficult if the transition in
m(B) is more gradual, and in particular for the determination
of the transition field, ¢ of the LF-O/D transition. For con-
sistency, we therefore choose &am or current criterion

. gich gave, for a sharm(B) transition, about the same field

'S8 obtained from the intersection point. This procedure, used
or the determination of both transition fields at a tempera-
ure of 13.3 K, results in a current criterion of about 600
Alcm? (vertical lines in Fig. 4 corresponding to 10° part of

the depairing current density. The irreversibility fi@g, was
obtained from an extrapolated current criterion of 1 AJcm
andB., is that field at whichm(B) becomes paramagnetic in
the normal state. These five characteristic fields—marked by
arrows in Fig. 4 form(B,®=90°)—are determined from
one magnetization measurement at a constant afglas
explained in Sec. Il. For instance, the two transition fields
he andB g vs @ are shown in Fig. 5. We note the opposite
ngular dependences Bf and By which are responsible
for the different extent of the BG region varying by more
&han a factor of 2 withb.

The characteristic fields in Fig. 5 have angular depen-
nces with a twofold symmetry for the field applied parallel
and antiparallel to the sphere because the rotation axis was
not directed into a crystallographic orientation of high sym-
metry. If, however, the rotation axis is within th&00] di-
rection, the angular dependences show a clear fourfold sym-
metry (Fig. 6). There are pronounced maxima &
correlated with minima oB ¢ if the field direction is parallel

to the diagonal of the area of the unit cplb=45°, 135°,

and 225° in Figs. @ and @&b)], whereas in between and
especially forB parallel to the edge of the unit celld
=0°, 90°, and 180°the extension of the BG is strongly
reduced. In Fig. @) the HF-O/D transition fields from the
point of intersection(open squargsare plotted with those
obtained from the current criteriaffilled squaresfor com-
parison. Deviations from an exact fourfold symmetry as seen
by comparing the data at 90° and 180° are attributed to an-
gular misalignments of the sphere with respect to the applied

FIG. 4. Magnetizatiom(B) of the V5Si sphere after annealing field. The fourfold symmetry is also observed in the angular
with the angle® between crystal orientation and magnetic field dependences @&;, andB., as shown in Fig. ). They vary

as parameterd =45° corresponds t® parallel to the[011], and
®=90° toB parallel to the[010] crystal direction.

by about 5% corresponding to the superconducting anisot-
ropy which is, as well as the maxima &, for the field

064507-3



H. KUPFERet al. PHYSICAL REVIEW B 67, 064507 (2003

af ] the[011] (® =45°) than to th¢010] direction @ =90°). A
A Eﬂ & correlation between the vortex and crystal lattice symmetry
| 4 F 8 in high-x cubic superconductors from nonlocal effects was
predicted by Kogaret al?! and partly experimentally veri-
oA w3, fied in V5Si by Yethirajet al. ?° They observed that the vor-
tex lattice transforms at 1 T and 1.8 K from triangular at low
] to square symmetry at high fields, but only if the field is
parallel to thg100] direction. In fields alon110] the trian-
gular lattice becomes distorted with increasing field but does
not change its symmetry. When the transformation field of 1
T at B parallel to[100] and 1.8 K follows the usual tempera-
ture dependendel — (T/T,)?], it falls below 0.3 T at 13.3 K
and therefore the triangular/square lattice transition should
be without direct relevance for our observations. From this
consideration we expect for our measurements at 13.3 K in
the BG phase a square lattice Baiparallel to[010] and an
hexagonal lattice outside this direction. This is based on the
assumptions that possible differences of crystal purity and
pinning energy as well as the different preparations of the
vortex lattice(field cooled in Ref. 20, and field swept in this
work) are of minor importance for the transition. The gradual
FIG. 6. Angular dependences of the high- and low-field order/C.hange of the magnetization betwe_en both principal direc-
disorder transition8,, (@) and B, ¢ (b), respectively, and of the tions does not .a.”OW one to determine the angle where t[he
upper critical fieldB,, and irreversibility fieldB,, (c) of the V,si ~ ©XPected transition between hexagonal and square lattices
sphere after annealing. The rotation axis is parallel to[#@0] occurs. ) . .
direction of the crystalb=45° corresponds t@ parallel to the It then remains that the correlation of the vortex with the

[011], and®=90° to B parallel to the[010] crystal direction. crystal lattice symmetry is the most probable origin of the
angular dependence of the BG formation. The characteristic

parallel to the[100] directions, in accordance with other different behavior of the BG in the field parallel to tf@&10]
measurement&. The error in the determination of these two direction of the crystal is related to properties of the square
fields is larger than that fd, - andBy. If the rotation axis lattice different from the hexagonal one. The corresponding
is parallel to the space diagonal of the unit dgHe [111] continuous HF-O/D transition and the much larger irrevers-
direction, the angular dependences of the transition fielddbility below may be related to an impeded formation of a
show a sixfold Symmetry: a threefold Symmetry from theSquare lattice reSUlting from a Swept field and the Iarger in-
cubic crystal structure and a twofold symmetry from the ap-fluence of quenched disorder.

plied field. The variations of both transition values with The pronounced metastable behavior of the vortex matter

are smaller than in the geometry discussed above, and thé the BG phase—discussed in Sec. Ill B—offers an alterna-
influence of misalignments is larger. tive explanation for the strong angular dependence of the BG
The above rnagnetization measurements at diﬂererﬁroperties. The correlation of the vortex with the Crystal lat-
angles between an applied magnetic field and a crystal latticéce symmetry may influenck, but is not so strong as to
orientation revealed a pronounced angular dependence of tf¢come the main origin as assumed in the explanation given
BG properties and the transition fields. In the BG region thedbove based on vortex configurations in the stable state.
elastic energy of the vortex lattice is the dominating energyVhen vortices enter the sample along different crystallo-
scale, and the transitions into the disordered states at bo@ifaphic directions the degree of the introduced metastable
boundaries are given by the balance betwegnand E,,. phase for instance disordered phase in the stable BG region,
The small changes of these energies resulting from the smais Well as the time constant for annealing metastability, may
anisotropy of the Superconducting parameterS, such E{ge different. Because the eXperimental time scale is not |Ong
Beo(®) [Fig. 6(c)] or (@), cannot account for the strong enough to measure the stable vortex state, all BG properties
anguiar dependence of the BG properties' The pinning eriflClUding the tranSitiQp fields may be influenced by angular
ergy, dominating in the disordered vortex states abBye ~ dependent metastability.
and belowB, g, can also be excluded to be responsible be-
cause its angular dependence is moddrgi®, ®) in Fig. 3].
The elastic energy dominating in the BG phase results in a
current density which varies by more than a factor of.10 The order/disorder transformation from the BG into the
Within the framework of the collective pinning thedf¢* VG at B is expected to be a first-order transitioh’*?
this requires a change of the correlation volume b$, @  This is consistent with metastability of the vortex matter in-
factor which cannot be obtained from 5% anisotropy. Thisvestigated by magnetic history effe¢tdEs) in this B, T area
implies that—in addition to the anisotropyEg depends on as already found and discussed igSi}4?>?The existence
the crystal direction; for example, it is larger Biparallel to  of HEs observed recently in the complementary area at the

By (1)
.
Eﬁ}
g
i

0.6}

B(M

Fo g
AT
éP !

0° 45° 900(1) 135°  180°

B. Magnetic history effects
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FIG. 7. (a) and (b) Magnetic history dependence of the high- ]BLF \
field order/disorder transition of the38i sphere after annealing. . \""\mwww_u 4-0.03
Partial loop 1 starts in the disordered and loop 2 in the ordered state 1o 2 4

both are inverted &, . The ratio of theAm values aB; reflects the B(T)

strength of metastability.
g Y FIG. 8. Strength of the magnetic history dependence of the high-

field (Amy/Am;,) and low-field Am,/Am;) order/disorder transi-
low-field transitionB g (Ref. 14 is not a proof of a first- tions and the corresponding magnetization logjght axi9 of the
order transition at low fields but supports it. We favor this V3Si sphere after annealingg) corresponds to the geometry mag-
possibility in comparison to a continuous transition based oretic field parallel to th¢011], and(b) parallel to the[010] direc-
plasticity, and discuss the metastability originating from ation of the crystal.
first-order transition both at low and high fields. Alternative
possibilities for the HF-O/D transition were discussed bylation of the complete loop in an increasing field, is equal to
Chaudharyet al® or—if “superheating” of the BG occurs—above the thermo-

The HE is investigated by comparing partial magnetiza-dynamic transition.

tion with the complete lool [Fig. 7(a)]. The partial loop(1) From the dependence of the vortex lattice formation on
starts in the disordered state at fields abBye and becomes the symmetry of the crystal lattice, discussed in Sec. Il A,
reversed at a field;. After a field distance required for the accompanying HE is also expected to be angular depen-
inverting the flux gradient, the loop shows an overshoanhof dent. In Figs. 8) and 8b) the HE for the two characteristi-
in comparison with the ascending branch of the completeally different geometries is shown. The position marked by
loop (dashed lingif the amount of disordered vortex matter ® =45° in Fig. §a) deviates by some degrees from this ori-
is larger than in the complete loop. On the other hand, if theentation of high symmetry in order to avoid reversible be-
partial loop(2) starts at negative fields or in the BG, and is havior in the BG which prevents the determination of the
reversed aB;, an undershoot is observed if the amount ofstrength of the HE. Both ratios\m,/Am, for the HE, at
the ordered vortex phase is larger than in the descending,: and Am,/Am; for the HE atB ¢, are extraordinarily
branch of the complete loop. At the LF-O/D transition ahigh and comparable to each other, an unexpected finding
larger amount of disordered vortex matter results in an overbecause usually this factor is below 10 and the low-field HE
shoot for descending fields, and vice versa. A comparisoiis much less pronounced or even hardly observed. In the BG
between full and partial loop witB; in the BG reflects the where the strength approaches 1, the HE changes from the
amount of metastable disordered phase whereasByittut-  high- to the low-field behavior, and vanishes in between.
side the BG the amount of metastable ordered in the stabM/hen the angle tilts away fronb =45°, both HEs become
disordered phase is probed. The ratio of Ara values from  less pronounced: the low-field HE extends to higher field
both partial loops, as shown by the thin lines in Figa)7 values and is less suppressed, such that at 90° the high-field
serves as a relative measure of the strength of the HE. ThidE has vanished and the strength of the low-field HE de-
value,Am;/Am,, is the ratio of the current densitiesBt creased by about one order of magnitifie. 8b)]. A van-
arising from the disordered and ordered states, respectivelishing HE is not proof that the nature of the transition has
The ratio is 1 if no HE is present, and is infinite if the partial changed, but together with the very gradual transformation
loop 2 is reversible aB;, as shown for example in Fig(5).  of m(B) in comparison tob =45°, the high-field transition
In this case, wher8; is situated in a reversible field region, seems to be continuous at 90° rather than of first order.
the subsequent transition into the VG is not assisted or forced From the expected square latticedat=90°, favored by
by the disordered phase which may be dragged from théhe fourfold symmetry of a single vortex in this geométry,
amorphous low-field state, as shown in Ref. 14. This meanse speculate that the formation of the square lattice in the
that the transition fieldz, obtained from a linear extrapo- presence of quenched disorder by a swept magnetic field
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becomes more difficult than for a hexagonal lattice—a ' PA 1é 3K
square lattice may be better pinned. This prevents a sudden '
transformation from a VG into a BG, and causes the larger
irreversibility there. Besides the absence of the high-field HE

3 |
another peculiarity is the extension of the low-field HE into f\E 10
the high field disordered statg-ig. 8b)]. Partial loops o
started in the low-field disordered regi@8,4,6 are never 3

below the descending branch, and those from high fields
(1,3,95 are never above the ascending branch of the complete ! , “
loop after the field is inverted. This requires that partial loops 10 eV L
coming from low fields carry much more metastable disor- A :
ded vortex matter into the ordered state than those coming
from high fields, which means that the high-field HE be- B(T)
comes buried by th? low-field one. The excess of mgtastable FIG. 9. Current densityj(B) of the V;Si irregularly shaped
disordered phases in the ascending field of the BG is proveg . ,

. . . rystal (PI) after annealing, measured for different angiesbe-
by repeatedly cycling small minor loops which anneal the

’ . tween crystal orientation and magnetic fi@dThe gray area covers
4,27
disorder.**"After a large number of cycles starting from the j(B) from all possible variations ab. If the rotation axis is parallel

forward curve, the width of the minor loops collapses andy, he[100] direction of the crystal anB along[010], j(B) is given
come close to the reverse curve. The opposite case may 0y the black line = 90°), whereas the white line belongsj(®)
cur if the dragged disorder in descending fields from the VG B parallel to th011] direction @ =45°). For comparison the
is dominating, i.e., high- and low-field HEs can influence andcorresponding results from the sphere are also shown. The magne-
reduce each other if the BG phase in between is not in th@zation of the sphere and the broken crystal, both after irradiation
equilibrium state. Summarizing, the metastable behavior obut before annealing are given in the inset.
the vortex matter in the sphere is very pronounced at both
transitions if the BG becomes reversible in between. In ap petween the field and crystal direction as a parameter. The
special geometry—field parallel {010]—the high-field HE  gray area covers aj(B) values obtained at different angles.
vanishes because the low-field disorder in the ascendingimilar to the spheréFig. 3, the angular dependence is
branch extends into the VG, which may also prevent a firstpresent only in the BG, but its variation with is smaller. It
order transition there. These observations support that metghould be noticed that the angular dependence of the geom-
stability from “superheating” and “supercooling” is accom- etry factor in the relatiomm~j is taken into account. In
panied by the amount of the disordered vortex phase in thgeneral the current densities in the sphere are smaller than in
stable BG from the preceding order/disorder transition.  the piece; especially in the latter no reversible behavior is
observed. We relate these differences to additional disorder
o ) induced at the macroscopic edges. The HF-O/D transitions
C. Edge contamination and the Bragg glass formation are at slightly larger fields and less steep than in the sphere.

Demagnetization, surface barriers, and edges of a sampldowever, if the field is directed parallel {610] (® =90° in
influence or may even determine flux penetration, its distriFig. 9 the results are quite comparable. In this geometry,
bution, and the position and sharpness of the BG/VGwhere a square lattice is expected, the formation of the BG in
transition®?® Edges may contribute in two way6) through  the presence of pinning may be accompanied with disorder
the existence of the superconducting boundary, (@hdrom  in excess so that the influence of edges becomes much less
sharp macroscopic edges of the sample. These regions whedreportant. The characteristically different behavior of the
vortices are preferentially created and annihilated serve asBG formation, in comparing3 parallel to[011] (P =45°)
source of amorphous or highly disordered vortex mattewith [010] (®=90°), also exists in the irregularly shaped
which spreads into the bulk and contaminates the BG partlgrystal. Edge contamination modifies the BG and the related
with disorder. In this subsection we discuss the influence ofransitions at a moderate stage at all angles exceptbfor
macroscopic edges of the crystal shape on the formation of 90°, and in its vicinity. In general this conclusion may also
the BG by comparing the results from the sphéecs IllA  be deduced from a comparison of the magnetic history ef-
and 1l B) with those from a piece broken from the samefects. Figure 1() shows the strength of this metastable be-
crystal the sphere is made from. The superconducting boundhavior and the related complete magnetization loop® at
ary and possible imperfections at the surface are the same in45° in both samples. The metastability of the BG is ex-
both samples due to the same preparation. Because variatiopected to be more pronounced in the sphere because it has no
of the flux dynamics from different electric fields at the sur- edges which serve as nuclei for the formation of the stable
face are of minor importancé,a comparison reflects mainly phase. This is in agreement with the experimental réEigt
the influence of macroscopic edges on the properties of th&0(a)]: both HEs are much more pronounced in the sphere.
BG. The magnetization curves of both samples in the irradiFrom the same consideration a higher valueBgf and a
ated state are very similar, as demonstrated in the inset déwer value ofB, ¢ are expected in SA which, however, is in
Fig. 9, where the moment of PI is multiplied by a factor of contrast to the measurements. Only the fields at which the
9.6 for comparison with SI. The main panel of Fig. 9 showscurrent density passes a minimum in the BG are higher in the
the current density of Pl vs the applied field, with the anglesphere. The strength of the metastable behavior at the LF-
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20 ( ' This means that the correlation between the vortex and crys-
0.004 tal lattice, which is responsible for the extraordinary behav-

ior at this geometry, is dominating. Summarizing, contami-

0.002 ; . "
8 nation from macroscopic edges reduces the metastability of
5 0.000 @ the vortex matter in the order/disorder transitions. This re-
= E duction is larger in the LF-O/D transition than in the HF-O/D
g -0.002 transition. However, if the field is parallel to th&00] direc-
tion of the crystal, metastability is only present at the low-
-0.004 field transition and is not affected by edge contamination.
0.006
IV. SUMMARY
_ -10-003 The formation of the Bragg glass in pure, single-
é% & crystalline \4Si shows a strong angular dependence on the
= J0.000 F crystal orientation. For a magnetic field applied parallel to
= the [110] direction of the crystal, the magnetization in the
5 10,003 Bragg glass becomes reversible, and the field region where it
exists is about twice as large as for {i®0] direction where
) Y- . 10,006 a prqnoqnced irreversible behavior is found. Thege charac—
0 2 4 6 ' teristic differences are related to a hexagonal lattice in the
B(T) first geometry and a square lattice in the latter geometry, as

reported by Yethiragt al?’° The same fourfold symmetry as
Sor the transition fields is observed in the strength of the
metastable behavior of the vortex lattice. For the field paral-
V3Si broken crystal after annealin@) corresponds to the geometry lel to [110] pronounpgd history effects are foun_d f°'.r both
magnetic field parallel to thg011], and (b) parallel to the[010] order/disorder transitions, whereas for tHed0] direction

direction of the crystal. For comparison the corresponding result@Nly the low-field transition is accompanied by metastability.
from the sphere are also shown, fo¢B) on a different scale. In the latter geometry the amount of metastable disordered
phase dragged from the low-field amorphous state into the

O/D transition decreases in PA to values below 2, mucHBragg glass dominates and survives up to the high-field tran-

smaller than the high-field HE but in agreement with typical?'t'Ovch;rrgzsfzat::fffgavmf ;Rgcﬁ)%a![hgglz;t;-ef:gl(;nrer}::tszizgl-
measurements on irregularly shaped specimens. The reaséﬁi P

for this different strength of the HEs between PA and SA is ity is suppressed in irregularily shaped specir_nens. For thg
the mutual reduction of both effects. Due to demagnetizationf’ngular dependence of the Bragg glass properties metastabil-

the macroscopic edges in PA are assumed to be more effe'éy vgrying with thg angle between 'crystallographic. axis and
tive in introducing disorder at the HF-O/D transition than atapphed field remains as an alternative explanation in contrast

the LF-O/D transition. This results in an excess of disordereél0 different vortex lattice symmetries.
phases in the descending branch, which depresses the HE at
the LF-O/D transition. The comparison of the HE fdr

=90° in Fig. 1@b) shows hardly any difference between the  H.K. thanks the Institut fuTechnische Physik, FZK for
samples: in particular the high-field HE is absent in both.technical support and hospitality.

FIG. 10. Strength of the magnetic history dependence of th
high-field (Am;/Am,) and low-field Am,/Am;) order/disorder
transitions and the complete magnetization logjght axig of the
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