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Order-disorder phase transition in NbSe: Absence of amorphous vortex matter
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Recent studies have proposed that the peak effect in the critical clarelynamic propertyis a conse-
quence of an order-disorder phase transition in the vortex system. We have made magnetic decorations of
vortex structures in samples with both phases. It is found that the structural symmetry of the disordered phase
is polycrystalline rather than amorphous and that there is no obvious correlation between the topology of the
vortex structure and the enhancement of the critical current in the disordered phase.
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The peak effect in the critical curreni. of low- A recent study? of the correspondence betwedp and
temperature superconductors as well as the second peak dhe vortex topology in real space, as observed by magnetic
served in the magnetization loops of high-temperature supedecorations in pure and Fe-doped NhS&s shed doubts on
conductors have triggered a resurgence of experimental aritle proposed amorphous nature of the disordered phase. In

theoretical research that suggests a unified reinterpretation efder to establish the topology of the DP, it would be desir-
the H-T phase diagram. able to decorate a sample that shows the reentrant disordered
As indicated in a recent review by Giamarchi and phase at fields and temperatures where the decoration experi-

Bhattacharyh a unified phase diagram for low- and high- Ment can be made. _ _
temperature superconductors could provide a general picture N this work we make a comparative analysis of.the vortex
of the influence of disorder on the thermodynamic propertieStructure by Bitter decoration of three NpSmmples: A pure

of the superconducting state: The peak effect as well as th:ﬂbSQ gamplg V‘gth ng detecitable reer)trr]anc% of Hhﬁ(b-:—)
second magnetization peak are suggested to be the signat(iif and two Fe-doped samples, one with no detectable reen-
nce and the other is that of Ref. 9 where a reentrance close

of a phase transition between ordered and disordered vortx—f{galooo Oe was reported.

phased:® While there is consensus on the nature of the :
) The experiments were performed on pure NhSample
ground state of the ordered phase as that described byﬁ with T,=7.02 K and two Fe-doped single crystals
’ c— - - ’

quasi-long-range-ordered Bragg glaséthe topology of the sample B withT,—5.8 K, and sample Gthe one used in

H H 5,10,13
disordered state remains uncledr. Ref. 9 with T,=5.7 K. TheH-T phase diagrams of Fig. 1

The H-T phase diagram of Nb3es the paramount ex-  ,htained by Corbino measurements are those reported in Ref.
ample of a superconductor where the peak effect determines; ¢q samples A and B and in Ref. 9 for sample C.

a line H,(T) separating the ordered vortex phd&¥) (low It is known that the behavior of the critical current in the
critical current from the disordered vortex phag@P) (high  yicinity of the peak effect is sensitive to unspecified material
critical currenj. Although it has been often claimed a reen- properties. Thus, théi,(T) line varies not only with Fe
trance of the DP at low fields{,(T) varies from sample to  doping but even between samples with the same nominal
sample and the reentrant disordered phase is not always exemposition. This is clearly seen in Fig. 1: Sample A has a
perimentally detecte@!**3The increase ofl, associated peak effect down to 25 Oe and no reentrdicat lower
with the peak effect is usually attributed to the preséfcé  fields, sample B presents a peak effect down to 250 Oe with
a solid amorphous vortex structuf®P) or a pinned vortex no reentrance detected for lower fieldsand sample C

liquid® at fields close tdH ,(T). shows a clear reentrance &fy(T) at 1.2 kOe down to
Electrical transport measurements using Corbino contact.2 K, as reported in Ref. 9.
configuration in Fe-doped NbSerovided insight into the Magnetic decoration was used to visualize the vortex

problem. The sharp change Jp at the peak gave support to structure obtained following three different procedures: cool-
the existence of a possible first-order phase transition. Thiag the sample in the presence of a fi¢kC), applying the
usually observed broad increase of the critical current as ddield after cooling in zero fieldZFC), and rotating the field
termined by a four contact strip configuration was after FC(FCR), experiments® Magnetization measurements
attributed®1'to the penetration of a disordered vortex struc-indicate that the field® becomes frozen in close t.,(T)
ture. Corbino transport measurements in Fe-doped NbSewith FC NbSeg crystals. Moreover, magnetic decoration
showed a clear reentrance of the DP at fields of the order ofshows that the froze® is uniform throughout the sample
1000 Oe. (the decoration resolution establishes an upper limit for the
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FIG. 2. Delaunay triangulations of the vortex structure obtained
after FC at 36 Oe. Gray regions show topological defeGis.
Sample A structure after FC through thig(T) line. (b) Sample B
structure after FC in a field where no peakljnis detected(c) FC
vortex structure of the reentrant DP in sample C. Decorations were
performed at 3 K.

H [kOe]

the structures are similar with nearly the same percentage of
vortices in topological defects. Most of the defects are asso-
ciated with the change of crystalline orientations between
grains (GB) and the rest are associated with isolated edge
dislocationd(l), see Table I. The equivalent FC vortex topol-
ogy in all samples supports the idea that the observed struc-
tures reflect the lattice configuration in the DP, frozen in
close toH,,, since otherwise a markedly different structure
would be expected in sample C where the DP exhibits the
reentrant behavior. The FC data makes clear that the topol-
ogy of the DP does not correspond to an amorphous struc-
ture.

FIG. 1. H-T phase diagrams from Corbino transport measure- As discussed above, FC decorations capture the vortex
ments.H ,(T) is the boundary between the OP and BR,(T) is structure close td, _and therefore the t(_)pology of the OP
the upper critical field(a) Sample A(pure NbSg) has a peak down would not be accessible by these expenrr_lgnts. On the other
to 25 Oe.(b) Sample B(Fe-doped NbSg has a peak down to 250 h_"’md' th? prOpOS?d QP - bP phf’"se trans_'t'on has been asso-
Oe. (c) Sample C(Fe-doped NbSg has a reentrance of the DP Ciated with a qualitative change in the lattice structure. Such
below 1.2 kOe. structural changes involve macroscopic displacements of
vortices which require forces larger than critical.

circulating current density of 10 A/cth. As a result, the TABLE |

structure observed by FC is that of the lattice frozen in clos%oundaries('

to Hc, in the DP ab_OVEH p(T)' . . when FC at 36 Oe, ZFC at the same field and at 4.1 K, and FCR at
The Delaunay triangulation of magnetic decorations perigerent temperatures.

formed in FC experiments at 36 Oe and 3 K is shown in

Fig. 2. In Fig. 2a) the vortex structure of sample A is de- gample

Percentage of vortices in topological defects in grain
GB) and in isolated dislocationd) for samples A—C

Defects FC ZFC FCR
picted. Figure &) shows the structure in sample B when FC
in a field at which transport measureménido not detect a
peak effect. Figure ) shows the vortex structure of sample 35 K 41K
C when FC within the reentrant DP. The results of samples ASample A GB  144% 127% 3.1% 0%
and B are similar to those reported in Ref. 13. I 27% 29% 21% 2.3%
Figure 2 shows that contrary to the assumed amorphouSample B GB 16.0%
structure associated with the disordered region as determined I 1.6%
from critical currents the observed vortex topology in this 41 K 4.6 K 50 K
phase is the polycrystalline structure typically fotfhd&t Sample C GB 15.7% 11.0% 5.8% 3.9% 3.1%
low field. Moreover, in spite of the different critical tempera- I 21% 2.7% 23% 2.0% 2.3%

tures and the qualitative differences in tHg(T) lines, all
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FIG. 3. Delaunay triangulations of vortex structures obtained by
ZFC experiments. The magnetic field of 36 Oe was applied at 4.1 K
and decorations were made at 3(K. Sample A structure in the OP.
(b) Sample C structure in the reentrant DP.

In order to verify whether there is a qualitative topologi-
cal change induced by the displacement of vortices, we deco-
rated samples A and C after ZFC at 4.1 K and 36 Oe. The
obtained vortex structures show gradiéftsf B close to the
sample edge, as a result of currents induced when applying
the field. Despite this, the bulk of the samples depicts a
roughly homogeneous field that allows the observation of the
vortex structure of the ZFC state, see Fig. 3. Both the gradi-
ent of B and the presence of vortices in the whole sample
demonstrate that vortices have been displaced by forces in
duced by currents larger than the critical. Figure 3 makes
evident that there is no qualitative vortex topological differ-
ence between the structure obtained by ZFC in the OP in
sample A and that in the DP in sample C; both are polycrys-
talline with almost the same grain size and percentage of
vortices in grain boundaries, see Table I.

It can be argued that the overall polycrystalline nature of
sample A is due to a mixture of DP and OP phases when
ZFC. The mixture could be induced either by a contaminated
phase introduced through sample edgmsas a result of the
disorder induced by plastic motidn.

In order to overcome the limitations of ZFC we have used
an efficient method of annealing the vortex lattice by FCR
experiments? where the vortex structure is ordered by a
rapid field rotation. We have applied the FCR vortex crystal
growing method to samples A—C in regions of the phase
diagram corresponding either to the OP or DP. We have per-
formed FCR experiments with@axis field of 36 Oe and an
in-plane componenH;=72 Oe, added and removed sud-
denly at 4.1 K. The decorations were made at 3.5 Kforall g 4. pelaunay triangulations of vortex structures after FCR

samples. _ o _ process with a field parallel to theaxis of 36 Oe and an in-plane
The FCR was applied within the OP in sample A, the DPcomponenti;=72 Oe. The rotation was carried out at 4.1 K and
in sample C, and in a region where no reentrance of DP hagecorations were made at 3.5 K. Results far sample A, (b)
been detected by critical current measurements in sample Bample B, andc) sample C.
see Fig. 1. The results are shown in Fig. 4; the increase of the
crystalline order as compared with the FC case is evident. Itributed to two different equilibrium states or to a limited
sample A the grain boundaries are suppressed over the entiefficiency of the annealing technique when applied to
sample. Although the grains in samples B and C are smallesamples with different critical currents. This is supported by
than the size of the respective samples, they involve on al=CR experiments at 3.5 K in sample A where it was not
erage a number of vortices nine times larger than in the F@ossible to fully remove the grain boundaries and where the
case. critical current is known to be larg€r by about 20% as
From Fig. 4 it could be deduced that the FCR vortexcompared to that at 4.1 K. The results suggest that the abil-
structures correspond to the genuine vortex topology of théy to create single crystals applying FCR in sample A is
equilibrium state: a single crystal in the OP region of sampldimited by nucleation and growth processes in the presence
A and a polycrystalline structure in the DP region of sampleof an effective viscosity associated with the pinning strength,
C. On the other hand, a critical analysis of the results indias suggested in earlier wotk.
cates that it is difficult to know whether the difference be- As a result of the previous observation we foresee an
tween the vortex topology after FCR in the OP and DPexperimental method to distinguish whether the polycrystal-
should be at- line structure obtained in sample C is associated with an
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TABLE II. Average number of vortices in grains for sample C is much smaller(larger grain sizethan that in FC experi-

when FC at 36 Oe and FCR at 4.1 K, 4.6 K, and 5.0 K. ments. This indicates that the grain boundaries obtained in
FC experiments are associated with the nucleation and
FC FCR growth processes of the crystalline regions.
200 4.1 K- 1700 By means of systematic real-space vortex structure obser-
46 K- 2500 vations we conclude that the vortex topology of the DP, in
5.0 K- 4900 contrast with the expectations, is not amorphous and, more

importantly, most of the detected defects are concentrated in
grain boundaries that sourround large crystalline grains con-
_— i taining thousands of vortices. The FCR data obtained in the
equilibrium DP structure or the result of imperfect crystal raentrant DP suggest that the observed density of vortices
growth in the presence of pinning. In the first case the FCRyqved in defects at each temperature sets only an upper
at higher temperatures should induce an increase of the P§fiit and consequently the equilibrium state of the DP could
centage of vortices in grain boundarietecrease of grain e characterized by an even lower density of defects. As a
size), since the equilibrium density of dislocations is gener-req it it is counterintuitive to associate the low density of
ally expectedf to increase with temperature. On the contrary,jisjocations that charaterizes the DP region as the driving
if the grain boundaries are associated with a limitation of the,achanism of the sharp increase of the critical current at the
efficiency of the crystal growth technique, the size of thegp . pp transition. Therefore, no correlation between the
grains should increase when FCR at higher temperatures dyg,q|oqy of the vortex structure and the enhancement of the
to the decrease of; with temperature. We have performed cisical current in the disordered phase has been found.
FCR at higher temperatures and the corresponding structures

were magnetically decorated at 3.5 K. The results of FCR We acknowledge D. Lpez and H. Safar for stimulating
experiments at 4.1, 4.6, and 5 K in sample C show a condiscussions and P. Gammel and D. J. Bishop for providing
tinuous decrease of the percentage of vortices associatsamples A and B. This work was partially supported by AN-
with grain boundaries, see Table I, or equivalently, an in-PCYT Grant No. PICT99-5117, and Fundatiéntorchas,
crease of the grain size in the magnetic decoration image, sé&gentina—\Weizmann Institute of Science, Israel, collabora-
Table Il. It should be remarked that the percentage of vortition program. Y.F. and M.M. received financial support from
ces (3%) ingrain boundaries in the FCR experiment at 5 K CONICET.
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