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Observation of vortex lattice melting in twinned YBa,Cu3;0,_,
using neutron small-angle scattering
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A neutron small-angle scattering study of the flux-line lattice in heavily twinned,€Bg0;_, is presented.
It is found that the diffraction signal disappears at temperatures well bElov@ssociated with a melting of the
flux lattice. The shape of the melting line is consistent with both a Lindemann criterion and the scaling
expected for a vortex-glass transition with the superconducting parameters from the three-dimeft¥ional
model. The influence of twin planes on the structure of the vortex lattice and its melting is studied by applying
the field at different angles to treaxis. The results are compared with recent specific heat measurements on
similar crystals[S0163-182¢08)03022-1

I. INTRODUCTION magnetization and transport measuremértsere have also
been highly sensitive specific heat measurements on heavily
High-temperature superconductdi$TS’s) are, in many twinned crystals of different purity® In the samples of a
respects, different from classic type-Il superconductors. Thigurity similar to those used in the present work, a jump in
is due to several factors, including the layered structure respecific heat, consistent with a second-order phase transition,
sulting in highly anisotropic superconducting behavior.was found over a certain range of fields. For the very-high-
Moreover, HTS'’s have very short coherence lengths leadingurity crystals studied, a similar jump was found; however,
to extreme type-Il behavior. The combination of these facon increasing the field a peak in specific heat, consistent with
tors together with the high operating temperatures can prog first-order transition, could be observith this paper we
duce exotic vortex phases such as the vortex-glass and thesent small-angle neutron scattering measurements on a
vortex-liquid phases.Over the past few years, these vortex heavily twinned YBCO crystal of a purity similar to those
phases have been intensively studied in various compoundsy died in Ref. 10, containing about 10% of nonsupercon-
particularly in the model Iow—_and high-anisotropy SyStedeucting inclusionggreen phase
YBa,Cus0;_, (YBCO) and BpS,pCaCy0g. 5 (BSCCO. In addition to the usual orientation of the field parallel to

Until recently, the phenomenon of flux-line latti¢ELL) or N . . .
vortex-glass melting in YBCO has only been observed bythec direction, we applied the field at an angle of 51° to the

magnetization and transport measureméatghis is be- axis and at 45° to_ the_ twin plangs runni_ng.along b(_)th a
cause the vortex behavior is strongly influenced by the prest110 and a(110) direction (see Fig. 1 This is done in
ence of twin-plane boundaries acting as strong, extended pirder to minimize the influence of the pinning to the twin
ning sites and untwinned single crystals of sufficient size andlanes on the vortex behavior. Such an arrangement has pre-
quality have only recently become available. This is in con-viously been shown to markedly influence the structure of
trast to BSCCO, in which there are no twin planes and wher¢he FLL. With the field parallel to the twin planéand hence
small-angle neutron scatterfhg SANS) and muon spin thec direction a fourfold symmetry has been observed pre-
rotatior™® (. SR) have both demonstrated the existence of aviously, which has been attributed to the strong pinning ef-
melting transition some years ago. Recently, a first-ordefects of the twin planes combined with that aib
melting transition has been observed using differential theranisotropy:*'? Alternatively, such a morphology has been
mal analysié (DTA) on an untwinned crystal also used in claimed to arise frond-wave effects2 By applying the field
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FIG. 1. Schematic representation of the alignment of the field
with respect to the crystallographic axes. The twin boundaries run
at 45° to thea andb axes. To minimize the effect of pinning by
twin planes, the field is applied at 51° to thexis, while at 45° to
the twin boundaries.

at angles to the twin planes greater than the depinning angl
(~25°), a morphology with two triangular lattices, distorted [ A
by the superconductingc anisotropy was foun&* This S . .
ing Figs. 2 and 3, which show typical neutron diffraction Win planes(at 51° to thec axis). The temperature ves5 K and the
pictures for the two cases. For both orientations, we observ][é\el:ffI Wf 1I'35 T. On'ydt_he 'eft'za”d S't?e of thefr:ﬁra‘?“on paltterT
the disappearance of the diffraction signal at temperature§ "> tt € hragg Conl l'__t:ir] 5;? tc‘?n | ; fﬁen' . f p'CtuTrf] Cef?”i
well belowT,. In this way we map the melting line over the SIoWs 'Wo hexagonal FLE's disforted by Ihe anisotropy. 1ne etiec
. . . —_of the twin planes is thus much reduced, although the orientation of
field range 0.5—-4.5 T. These results agree well with the irre: e ) ) :
- . - - two spots from each FLL is still aligned with the twin boundaries
versibility temperatures measured using a vibrating samph@See the text
magnetometer on a small piece of the same crystal. Further
discussion in Sec. lll compares these results to those ob-
tained in the recent specific heat measurements by Roulin
et all®

Il. EXPERIMENTAL DETAILS

The experiments were carried out using the instrument
D17 at the ILL, Grenoble, France. The neutron beam, colli-
mated over a distance of 2.75 m with a wavelengthof
typically 1.2 nm, was incident on the sample mounted in a
horizontal-field cryomagnet capable of sample temperatures
down to 1.5 K and a maximum field of 5 T. The scattered
neutrons were detected by a position sensitive detdafr
proximately 0.8<0.8 n¥ total area with a pixel size 0f10
mm) and located at a distance from the sample that was
varied between 2.88 and 3.43 m, depending on the applied
field. The field was initially aligned with the neutron beam,
to an accuracy of 0.1° both vertically and horizontally, by
observing the diffraction pattern from the FLL in Nb. The
sample was then aligned with the field either parallel or at
51° to the crystallographic axis (see Fig. 1, by rotating the
sample about the vertical axis.

The sample consisted of a large YBCO single crystal, of
mass 7.8 g, grown using a melt processing technique. Mea-
surements from an inductance coil mounted near the sample
during the neutron experiments gave a valueTrof =92
K. The small-angle neutron scattering data reported in this

FIG. 2. Typical diffraction pattern with the field parallel to the
direction. The temperature was5 K, while the field was at 2 T.

paper were obtained during three experimental periods at the
D17 diffractometer. Data from the first experiment have been
published separately and were obtained with the cryostat
heater mounted on the sample stick. In the subsequent ex-

The diffraction pattern shows a fourfold symmetry, arising from theperiments the heating and thermometry were improved by

strong pinning to the twin plandsee the tejt(Ref. 11).

placing the cryostat heater on the heat exchanger itself.



57 OBSERVATION OF VORTEX LATTICE MELTING IN ... 14 513

These changes of sample environment give rise to a smadlick, this background was numerically shifted by a fraction

(approximately 1 K discrepancy between the Pt resistanceof a detector pixel in order to obtain good subtractions near

thermometer readings in the first experiment and those frorthe beam stop. Typical counting times wet h each for a

later measurements. The critical temperature determimed foreground and a background.

situ in all cases, however, gives an independent calibration

for the thermometry in the different setups. For this reason, IIl. RESULTS AND DISCUSSION

the results presented below will always be given in terms of ) ) _ _

the reduced temperature=T/T,., with T, determined in A typical diffraction pattern for the field parallel to tre

each case by measuring the inductance at 1 kHz of a coftXiS is shown in Fig. 2, at low temperatures and a field of 2

placed near the sample. T. There is a distinct fourfold symmetry visible in the scat-
A brief consideration of small-angle scattering from a tering. This should not, however, be mterpreted_aszthe obser-

FLL is now given. Typical FLL plane spacings ares0 nm  vation of a square lattice. As pointed out earfigt! mea-

(corresponding to a field of 1 T). Thus the FLL can only be Suréments performed on similar crystals using higher

observed by using small angles and long wavelengths. In oUgsolution were able to distinguish 24 diffraction peaks cor-

experiments we used wavelengths between 1.2 and 1.5 nigsponding to four different orientations ofaxagonalat-

depending on the applied field. Using these typical valuestice. All of these orientations, corresponding to different do-

we obtain scattering angles§22° from the Bragg condi- Mains in the sample, have strong diffraction peaks at 45° to
tion the horizontal, consistent with strong pinning of FLL planes

to twin boundaries. The different FLL orientations with the
Ap=2dp,sin(6), (1) same strong 45° spots correspond to different orientations of
. _ _ _ the crystallographi@ andb axes due to twinning>!? The
whered, is the layer spacing. Due to its magnetic momentsjight distortion from an ideal hexagonal lattice for the dif-
(mn=—1.913uy) a neutron may interact not only with the ferent orientations can then be understood as due to the small
nuclei in a sample, but also with magnetic inhomogeneitiesgpy anisotropy present in YBCO. It can thus be seen that the
This allows the observation of FLL's in superconductorSmain features of the FLL in the case where the field is par-
with small-angle neutron scattering!’ The intensity of gjiel to thec axis is determined by the twin boundaries.
scattered neutrons in a Bragg reflection, integrated over |n the case of an inclined fieltht 51° to thec axis), the
angle as the sample is rocked through the Bragg conditiogjtyation is drastically changed. This is shown in Fig. 3,
(rocking curve may then be calculated from the magnetic \yhere a typical diffraction pattern at low temperatures and a
cross section to e field of 1.5 T is shown. The figure does not show a full
diffraction pattern, as the scattering angles of the farthest
(02 ) spots differ by more than the width of the rocking' curve.
8¢57hk hkJ1 _Ther_efore, the Ieft-_hand side of the pattern was deliberately
illuminated by rocking close to the Bragg condition for spots
where ¢ is the flux of incoming neutrons/ is the sample on that side. One can clearly see six Bragg peaks on the left
volume, and®,=h/2e is the magnetic flux quantum. The half, showing a distorted hexagonal symmetry. Taking the
magnetic form factoF (7,,) is a measure of they,, Fourier  right-hand side of the pattern into account, this results in 12
component of the spatial variation of the magnetic field inspots corresponding to two orientations of a hexagonal lat-
the sample and can be easily calculated for an extremtce distorted byac anisotropy. Assuming that the heavy
type-Il superconductor in the London approximation. Due totwinning in our sample results in an effectively isotrogib
their long penetration depths and short coherence lengthplane, this distortion can be parametrized by the ratio of the
HTS’s are extremely type Il and one obtains minor (a) and major 8) axes of the ellipse on which Bragg
spots are situated. This should scale with angle as

THR NV
Ihie=

F(rh0 = ) (alB)?=cod 9)*+ LIy?sin(§)?, 4

1+)\27'r21k-
where ¥ is the angle between the field and tbeaxis and
Here\ is the (temperature-dependgmhagnetic penetration =) _/\,, parametrizes the anisotropy. For an angle of 51°,
depth andB is the average induction. Thus, for fields greaterthis scaling function is still determined almost entirely by the
than B, , corresponding to\ 7, >1, the scattered intensity cosine term. To obtain an estimate of the anisotropy, we
depends on the penetration depth of the samplexas 4. performeduSR measurements with the field both parallel
Since the HTS's have very long penetration depthsand perpendicular to the direction® This gives an anisot-
(Nap~150-200 nm at low temperature and even longeropy of y = 4.3(2), in agreement with earlier determinations
close toT,) the scattered intensities are very weak comparedy SANS of 4.52).2* This parameter will be used again in
to conventional type-Il superconductors. the discussion of the melting line.

Due to these difficulties, intrinsic in neutron scattering The temperature dependence of the scattered neutron in-
studies of HTS's, long counting times were required. Fur-tensity, summed over all diffraction peaks, is shown for ap-
thermore, there is very strong background scattering fronplied fields of 1 ad 4 T in Fig. 4. The temperature well
extended defects in the sample. To obtain clear scatteringelow T., at which the intensity falls to zero, is interpreted
images from the FLL in the sample, we subtracted a backas the melting of the FLE.In both cases the field was at
ground measurement taken above the transition temperatugd° to thec axis. There are several interesting features in
T.. Due to thermal contractions of the cryostat and sampléhis figure. First, the scattered intensity is zero above the
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FIG. 5. Field dependence of the exponenparametrizing the
temperature dependence of the scattered inte(sity the textfor
both orientations. This field dependence is in qualitative agreement
with the field dependence of the jump in specific h&&t as given
in Fig. 11 of Ref. 10. Such a field dependence might arise from a
difference in thermal fluctuations at different fields, but no concise
T/T, theoretical description could be fourisee the text
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FIG. 4. Temperature dependence of the scattered intensity Negfye aftected by our applied fields, which are much less than
the melting temperature at two different fields. Top, 1 T; bottom, 4the mean fielH,_at the melting temperature, then this gives
2 L

T. As can be seen, the intensity falls continuously to zero at the

melting temperature consistent with a second-order transition to ah(t) =lo(1—1)*. However, it appears from. microwave mea-
entang|ed vortex ||qu|d As can be seen by Comparing the two p|0ts$urements at zero f|éathat critical fluctuations renormalize

the falloff at low fields is slower than at high fieldsee the teyt ~ the temperature dependence of the penetration depth to
AM(T)=X(0)(1—1t)'3 this is the dependence expected in the
melting temperature. As is the case in BSCEis is most  three-dimensional(3D) XY model and givesl (t)=14(1
probably due to the entanglement of the vorti¢disorder  —1t)*3 Whatever the functional dependencerdil), unless
along their lengthabove the melting temperature, which re- it tends to infinity at the melting temperature, it will not
duces the scattered intensity to zero. The observation of effect the temperature dependenay closeto T,: This
tangled(or decouplefivortex lines has already been reportedwill be controlled by the FLL order. Hence it is of some
from measurements applying a current at the top of a samplénportance to note that within our experimental error, the
while recording the voltage difference on the bottbh. intensity falls to zeracontinuouslyat T,,, implying that the
Above the irreversibility line, the voltage measured on thetransition is not of first order. 84 T the FLL intensity falls
bottom of the sample drops to zero, indicating an entangleto zero approximately linearly with temperature, while the
ment of the vortices. This would also be in accord with nu-falloff is much more gradual at 1 T. This can be quantified
merical simulationg® which show a simultaneous occur- by fitting a power law of the formi(t) =1,(1—t/t,,)", where
rence of melting and entanglement. n parametrizes the shape of the temperature dependence and
The temperature dependence of the FLL signal below thés ~1 at 4 T and~1.5 at 1 T. If we regard the scattered
melting temperature is different for the low-field data from intensity as the square of a phenomenological FLL order
the high-field data. We note that this temperature dependenggrameter, thentat T the intensity surprisingly follows the
will arise from two caused(i) the variation of the supercon- temperature dependence expected for an order parameter in
ducting penetration depth, which for a perfect FLL would mean field theory. At low fields, however, this is not the
give a temperature dependence of intensity according to Egsase. Since we do not know of a detailed theory for these
(2) and(3), I(T)<1/\4(T), and(ii) the variation of the FLL  results, we confine ourselves to reporting the rest of our data
order as thermal destruction of the flux line structure in-in terms of the power lawe(1—t/t,,)" that best describes
creases with temperature. Clearly, the second term is thiae variation of the intensity below,,. The results are sum-
cause of the zero intensity as the flux lattice melts, but thenarized by Fig. 5, where we see a general trend to smoother
first term will contribute to the temperature dependence betransitions at low fields.
low T,,, so we consider its contribution. The Ginzburg- Itis interesting to compare this field dependence with that
Landau mean field picture gives a variation of the penetraef the jump observed in specific he&ig. 11 in Ref. 10. For
tion depth as\(T)=A(0)(1—1)¥2 If we assume thak is  their sample withx=0.03, which is very similar to the one



57 OBSERVATION OF VORTEX LATTICE MELTING IN ...

studied here, the step shows a comparable qualitative depel
denceAC in that sample is almost field independent at fields
abowe 5 T and then decreases below field8 T, until the

jump cannot be resolved at fields lower than 1.5 T. This
corresponds to our observation of the field dependence of th
exponentn, being field independent above4 T and in-

creasing at lower fields. Viewing the scattered intensity as a
FLL order parameter as discussed above, an increasing e
ponentn corresponds to a smaller change in the slope of the

order parameter at the melting transition. Thus a bigger ex&

ponentn corresponds to a smaller jump in specific heat, con-
sistent with the observation.

As already mentioned, the melting transitions that we ob-
serve are apparently continuous. Such a behavior is consis
tent with a second-order phase transition, as observed i
similar crystals by Rouliret al, using specific heat measure-
ments single crystalswhere DTA measurements demon-
strate the existence of a first-order transition. Similar results
are also found in specific heat measurements on ultrahigh
purity twinned YBCO crystaléwhere a peak in specific heat
was found at intermediate fields. Moreover, in SANS experi-
ments on a large untwinned crystalith very few remaining
twin planeg, show a much sharper transition than those pre-
sented heré at high fields. Although no clear jump in neu-
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FIG. 6. Melting lines as determined from the temperature de-

tron intensity, as expected for a first-order transition, couldhendences of the scattered intensities for both orientaffilted
be found in that sample, the data are not inconsistent with aircles,d = 0°; open circlesg = 51°). The lines through the data
smeared first-order transition. correspond to a fit to Eq7), yielding a value for the Lindemann
A second-order transition, as observed in this and an otherumber ofc, = 0.15. The data for the field parallel © differ
work,1° has been predicted for the melting of a vortexslightly from the expected angular scalifigee Eq.(8)]. This is
glass'?® The glass transition line is predicted to s¢ats  probably due to pinning by twin plandsee the tejt
Bgx £ 2, where¢ is the coherence length with a temperature
dependence of the for@(T)=¢&y(1—t) 7, wherev=1/2 in
the mean field approximation and=2/3 in the 3D XY
model. This results in a scaling for the melting line as

tuations reach a certain fraction of the lattice constant, the
phase transition is thought to occur. This leads to a criterion
for melting

where ¢, =0.1-0.2 is the Lindemann number aram}
in the limit where the 3DXY model is applicable. However, ~(®,/B)Y?is the intervortex distance. Calculating the ther-
as we observe a diffraction pattern the supposed vortex glassal fluctuations using thé&dispersive elastic constants of a
has to be what is called a “weak glass” or “Bragg glas¥.” FLL then leads to the expressforf®
It is thus rather surprising that such weak glassiness may turn
the first-order transition expected for an ideal lattice into a
second-order transition. The different available ¢atd°
seem to indicate that not only the twin planes, but also the
degree of purity may be important in modifying the order of
the transition. where kg is Boltzmann's constant. Using the temperature
In a twinned crystal containing no green phase, Junodlependence of the penetration depth in the 28D model
et al® observed a melting line of first or second order de-presented earlier, this gives a similar temperature depen-
pending on the applied field. Similarly, DTA measurementsdence of the melting temperature to that predicted for the
on untwinned crystaldind no latent heat at the melting tran- vortex-glass transitiofisee Eq.(5)]. For temperatures close
sition in low fields 8<<0.5 T), indicating that there is either to T., where the 3DXY model is applicable and theTLin
no transition or a second-order transition at low fields. More-Eg. (7) may be regarded as constant, the two predictions are
over, the first-ordethigh-field) and second-orddtow-field) exactly the same and cannot be distinguished. At higher
transitions found in Ref. 9 lie on the same phase line, indifields, however, where T/ becomes important and mean
cating a single process. field theory might be applicable, the two theories predict
Setting aside the nature of the transition, we may stilldifferent melting lines. Such fields are, however, beyond our
obtain predictions as to the position of the melting line in arange of measurement.
B-T phase diagram using a Lindemann approach. The Lin- Figure 6 shows the melting temperatures, as determined
demann criterion for the melting of a lattice involves calcu-from the point above which the scattered intensity disap-
lating the thermal fluctuations of the lattice. When these flucpears, for both orientations studied. The line through the data

doct
[1.5mykgTA(T)2])%

Bm(T)= Y
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is a fit to B,=Bg(1—1t)*3 corresponding to Eq(7). Ac-  with similar twinning and purity'® The findings are consis-
cording to the anticipated angular scaling for the meltingtent with a second-order phase transition, at a phase bound-
line, ary as predicted by a Lindemann criterion. The observed
). 1 melting line also shows the field and temperature depen-
Bm(®)=B(0)/[cog(D) + Lly?siré(3)]*?, 8  dence expected for a vortex-glass melting line as predicted
the prefactors in the two orientations are expected to diffeffom the 3D XY model. With the limited range of fields
by a factor ofBy(0)/By(51)=0.66 (assumingy=4.2; see studied we are not able to distinguish between the two theo-
above. From the fitted valuesB,(0)=100(10) T and retical predictions. The effect of the twin-plane boundaries
Bo(51)=135(10) T, we obtain 0.78), in fair agreement and the superconducting anisotropy on both the melting line
with the prediction. Taking into account the values for the@nd the FLL structure were studied by applyln% the field
anisotropy and the penetration depth as determined bparallel to thec direction and at an angle of 51°. It was
wSRwe can then determine the Lindemann number to b ound that the lattice structure is strongly influenced, with
c_=0.15, also in reasonable agreement with theoretical exthe diffraction pattern showing a fourfold symmethyut not
pectations. It should be noted, however, that Kueikal?2 & fourfold lattice for the field parallel toc, whereas two
find an angular dependence of the melting temperature shoyliStorted hexagonal lattices are found for the field at 51°. In
ing a cusp around*=0. In contrast to these transport mea- contrast, the meltmg line is only very shghtly affected py the
surements however, SANS and specific heat measuretfient®resence of the twin planes, consistent with the findings of
find a clear melting transition for fields parallel to tle SPECific heat m_easuremeﬁ?s. o
direction, not inconsistent with the angular scaling observed Finally, we find unexpected behavior in the temperature
in untwinned crystal&2725The fact that the ratio of prefac- dependence of the scattered intensity close to the melting
tors we obtain is somewhat bigger than expected might neV_t_empe_rature. The temperature dependence of the scattered
ertheless arise from the strong pinning properties of the twirt€nsity, as parametrized by the exponendepends on the
planes. A similar trend can be found in the data of Roulin@Pplied field, falling more rapidlydecreasingn) with in-
et al,° who determine the anisotropy from the melting line creasing field. This behavior is reminiscent of that observed

and the upper critical fiel@., parallel and perpendicular to by heat capacity measurements on a similar sarffpiéhere

. . . . .. the jump in heat capacity at the melting transition rises with
thec axis. The anisotropies determined from the melting l'nefield. However. in both these cases, the results reflect the

are consistently smaller than those determined fRypbut oo arire dependence of not only the FLL structure, but

as in the case presented here the experimental uncertaintydgso the underlying superconducting parameters, such as the
too large for a quantitative discussion of such a small effectpenetration depth and the coherence length.

It is possible that in the presence of twin plane pinning,
SANS and specific heat measurements give a better indica-
tion of melting than transport measurements because the
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