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We have studied flux-lattice melting in single crystals of YBa>Cu3O7 and Bi;>Sr;CagsCu,QOs using a
high-Q mechanical oscillator. In YBa;Cu3O7 with an applied magnetic field H_L¢, flux-lattice melting
occurs at H., as in a conventional three-dimensional superconductor. However, for HII¢ flux-lattice
melting occurs 3.2 K below H.,. We believe that this is evidence for a transition into a vortex-liquid
state similar to that seen in two-dimensional superconducting films. For Biz2Sr2CagsCu>Os the effect is
even more pronounced; with a bulk superconducting transition of 75 K, the flux-lattice melting in this

material occurs in both orientations near 30 K.

PACS numbers: 74.60.Ge

The potential for applications of the high-T. supercon-
ductors has produced an unprecedented amount of effort
towards the understanding of their physical properties.
Many of these applications will require high critical
currents which will, in turn, make detailed knowledge of
the microscopics of the superconducting flux lattice of
importance. To obtain high critical currents, the forma-
tion of a flux lattice is crucial because the finite shear
modulus of the lattice allows a relatively small number
of pinning centers to pin all of the flux lines. A number
of authors'™* have pointed out that there exist good
reasons why the flux lattices in these materials might be
unconventional. In this paper we report on mechanical
measurements of flux-lattice melting in single crystals
of YBa,Cu3;O; (YBCO) and Bi;;Sr,CaggCu,0q
(BSCCO). We find that in these materials there is
indeed unconventional behavior in the flux lattice. We
find a general tendency for the flux lattice to melt well
below H.; into a vortex-liquid state similar to that seen
in two dimensions.” We suggest that a Lindeman cri-
teria for melting might qualitatively explain our results.

In conventional, three-dimensional superconductors
the flux lattice is most often a triangular lattice with
long-range positional order. In a finite magnetic field
approaching T.(H), the flux lattice melts at T, because
the coherence length &(T) diverges and the vortices
cease to be well defined objects. Generally, in three di-
mensions, the lattice is stable and uninteresting over the
entire superconducting phase diagram.

However, in two dimensions things can become more
interesting.® The increased importance of thermal fluc-
tuations in two dimensions produces a flux lattice
without long-range positional order which can melt well
below T.(H) into a vortex-liquid state. The suppression
of the melting temperature T from the superconducting
transition temperature depends strongly on the normal-
state resistance of the film.® In the dirty limit, T./Ty
=1+3.8R/A4R, with R.=4.12 k@ and A,=0.5.
Thus, the observation of a vortex-liquid state strongly
suggests that the flux lattice is two dimensional in char-
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acter.

There are also other possibilities for nonconventional
behavior in the flux lattices in these materials. Nelson’
has pointed out that at the high transition temperatures
and for the small coherence lengths in these systems in
the Lindeman criterion for melting can become relevant.
In addition, even more complicated states can exist such
as the vortex entanglement state suggested by Nelson.?
Finally, if the superconducting state is anisotropic, sym-
metries of the flux lattice other than triangular can ex-
ist.%® However, decoration experiments using the high-
resolution Bitter pattern technique appear to rule this
out.?

In this paper we report mechanical measurements of
flux-lattice melting in YBCO and BSCCO and show that
their phase diagrams are indeed nonconventional. The
experimental setup used is shown in Fig. 1. The basis for
the experiment is the high-Q silicon oscillator technique
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FIG. 1. The frequency and dissipation of the silicon oscilla-
tor as a function of temperature. The vortex mobility transi-
tion occurs at the peak in the attenuation, Ta. Below Ty, the
vortex lattice is pinned and contributes to the elastic response.
Inset: the geometry of the experiment. The oscillator was ro-
tated in the plane of this drawing for other field orientations.
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developed by Kleiman er al.'® The oscillators were fab-
ricated from p-type (110) silicon wafers 0.010 in. thick
and patterned by means of photolithography and aniso-
tropic etching. The silicon was coated with 100 nm of
gold on both sides, which was used as part of a capacitive
drive and detection scheme. The simplest beam-bending
mode of the oscillator was used as indicated by the V in
the drawing. The motion was driven self resonantly
with use of a phase-locked loop. The structure had a Q
of 10°, a frequency of 2 kHz, and a frequency stability of
10 "7 at 100 K. To avoid nonlinear effects, the ampli-
tude at the end of the oscillator was kept well below 100
nm. This low amplitude represents an important
difference between the oscillator technique and other
similar measurements, particularly flux flow. In flux
flow, there is no measurable signal until the flux lines
have moved a macroscopic distance which then destroys
the flux lattice that one wishes to observe. We typically
dissipate 10 ~'® W in our measurement and can see
effects of motionally induced melting at 10 ~'® W.

The superconducting crystal was epoxied to the silicon
as shown. The single-crystal samples were grown as de-
scribed elsewhere.!! The YBCO crystals have a T, of 87
K as measured by the Meissner effect, with a width of 3
K. The crystals contained many twins, usually in the
form of long domains. The crystals were square flat
platelets ~1 mm across and 0.1 mm thick, with the ¢
axis perpendicular to the plane of the plates. While the
upper critical filed, H,,, was not measured on the crys-
tals used, they are from batches from which several crys-
tals were measured and found to give results similar to
those reported by Worthington, Gallagher, and Dinger. '

The result of a typical measurement at fixed field as a
function of temperature is shown in Fig. 1. Both the real
and imaginary parts of the oscillator response are shown.
Below the melting temperature, the bulk modulus of the
vortex lattice contributes an additional stiffness to the os-
cillator. As the lattice melts, the response softens. This
is accompanied by a peak in the dissipation. We define
Ty, the melting temperature, as the location of the dissi-
pation peak.

This identification can be justified as follows: For
T < Ty there is a well defined flux lattice which will
remain pinned even in the presence of weak disorder.
This will make the relaxation rate for compression of the
flux lattice, 7, very long so that wz>>1 and the vortices
will move with the underlying crystal. Thus, an elastic
modulus appropriate to longitudinal sound in the vortex
lattice will be added to the elastic response of the oscilla-
tor. For T>> Ty, thermal fluctuations will dominate the
motion of the vortices. In this limit the vortex liquid will
rapidly relax (wz<1) and the vortices will not contrib-
ute to the oscillator response. Near the melting tempera-
ture, Ty, the relaxation rate will be strongly tempera-
ture dependent. A peak in the dissipation will occur at
wt~1 which is our experimentally defined melting tem-

perature. This identification is strengthened by compar-
ison with similar measurements on a wide variety of oth-
er superconducting systems in which flux-lattice melting
occurs at T.(H) with features identical to those shown
here. This feature is not what is seen near flux-flow
peaks> or depinning transitions.

Shown in Fig. 2 are these melting temperatures for
YBCO as a function of magnetic field for HLE and
HIlé. For HL1¢, melting occurs at H,; as in conventional
three-dimensional superconductors. The critical-field
slope defined by T, agrees well with that measured at
AT&T-Bell Laboratories and elsewhere,'? and T ex-
trapolates to T.(H =0). However, for HI¢ the flux-
lattice melting line is suppressed below H., by ~3.6 K
and it does not extrapolate to 7.(H =0). In Fig. 2, H.,
for HIIC is shown by the dashed line. We conclude that
for this orientation the flux lattice melts into a vortex
liquid before superconductivity is destroyed. This result
is very similar to what is seen in two dimensions where
flux-lattice melting can occur well below T.(H).> We
suggest that the two-dimensional character of the system
might be important for this behavior of the flux lattice.
In this system the coherence length'? is roughly equal to
the spacing between the two-dimensional copper-oxygen
planes and we suggest that the system could be in a
crossover regime from a 3D system to a stack of decou-
pled 2D systems. Our experimental observations are
consistent with our earlier flux-lattice decoration experi-
ments> where at low temperatures and for H.L¢ we find
only short-range (~1.5 lattice constants) positional or-
der of the flux lines and at 77 K the images are con-
sistent with a vortex-liquid state (i.e., no distinct, stable
patterns of flux lines). We believe that the mechanical
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FIG. 2. The phase diagram for flux-lattice melting in
YBCO. For B.LE, the vortex mobility transition occurs at H.,
as in three-dimensional superconductors. For BIE, the vortex
mobility transition occurs 3 K below H. (indicated by the
dashed line). The shaded region is the vortex fluid.

1667



VOLUME 61, NUMBER 14

PHYSICAL REVIEW LETTERS

3 OCTOBER 1988

SLOPE 2 O
\\
2+ _
— 1 — —
-
w
x
w
> O SLOPE 15
(&}
P4
w
3
o -1
x
l:: -
< _
1l
-3 B ‘i
-4 1 1 | J
0 1 2 3 4 5

£n (MAGNETIC FIELD)

FIG. 3. The magnitude of the frequency shift for HII¢ and
H L¢ as a function of applied field.

measurements, in conjunction with the decoration exper-
iments, provide evidence for melting and not merely flux
line depinning.

Shown in Fig. 3 are the values of the frequency shift
as a function of magnetic field for YBCO. We find that
for H L¢ the response is significantly stiffer than for HIIC
and that it varies as H2 For HIE, we find that the
resonse is soft and varies as H'*. For a conventional su-
perconductor, the real response can be obtained from the
total field energy and is proportional to H% For HLé
we find this behavior. However, the weaker dependence
for HIIE and the smaller magnitude suggests a much
more disordered lattice with shorter-range order and
weaker pinning consistent with the flux-lattice decoration
images.?

We will now discuss BSCCO in which the coherence
length is 4 times smaller'? than the interplanar spacing
and the effect on the melting temperatures is even more
pronounced. Flux-lattice decoration experiments'* in
BSCCO at 4.2 K show similar patterns to those in
YBCO. The flux quantum is hc/2e and there is only
short-range hexagonal order as was seen in YBCO. The
mechanical measurements show an identical feature at
the melting transition as was shown for YBCO. Howev-
er, the transition temperature is much lower.

Shown in Fig. 4 is the phase diagram for flux-lattice
melting in BSCCO. Also plotted is the Meissner signal
for the same sample. Note that while bulk superconduc-
tivity sets in at 75 K the flux-lattice melting temperature
is ~30 K for both field orientations with T (HIE)
< Ty (HLE). This strong reduction in the melting tem-
perature for a material with a coherence length much
shorter than the interplanar spacing suggests that this
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FIG. 4. The Meissner signal and the melting temperatures
for single-crystal BSCCO for both field orientations.

might be the relevant parameter in determining whether
the flux-lattice melting is described by two- or three-
dimensional physics. This conclusion has severe implica-
tions for potential applications. If, as is widely believed,
the high transition temperatures are related to the two-
dimensional character of the planes, then, as the inter-
planar coupling decreases, the flux-lattice melting tem-
perature will go down making many applications impos-
sible for very high-temperature superconductors. The
similarity of the response for both field orientations is
quite surprising given the strong anisotropy of the sys-
tem. Varma'’ recently has made arguments based on
entropy considerations in which the transition for HIIC is
from two to three dimensions and for HL¢ from one to
three dimensions with the expectation that the transition
temperatures should be similar. Clearly this surprising
result needs to be better understood.

There are other experiments which also suggest that
the flux lattices can melt well below T.. In ceramic sam-
ples of YBCO, the critical currents'® have been found to
be extremely low within 2 K of 7. In BSCCO in finite
magnetic fields, it has been found that J. drops abrupt-
ly'7 at ~30 K. In YBCO, SQUID noise is found to
diverge below T..'® We conclude that these observations
are the result of the flux-lattice melting behavior that we
have observed in the oscillator experiments and are con-
sistent with our results. For example, we predict that
flux noise will be much less for devices in which HL¢ in
comparison with those for HIIC as is standard at the mo-
ment. Therefore, superconducting devices should be
made from films with the ¢ axis in the plane.

At the moment it is difficult to give an unambiguous
theoretical interpretation to our results. The vortex en-
tanglement theory of Nelson? predicts new phases which
are primarily low-field phases (near H,.j). It is unclear
whether such phases could exist in the high-field regime
where we see our transitions. The Kosterlitz-Thouless
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vortex unbinding theory is appealing.® However, the
large suppression for HL¢ in BSCCO is hard to recon-
cile with this idea. The final possibility is simply that the
small coherence lengths and high transition temperatures
make thermal-fluctuation or Lindeman-induced melting
much more likely.

We are currently studying larger samples at low fields
to search for any additional low-field phases as suggested
by Nelson. Neutron-scattering studies of flux-lattice
melting would be most interesting as it would provide
real structural information about these phases. A limi-
tation of our technique is that we can only identify tran-
sitions between flux-lattice phases and obtain very little
information about the structures of the phases them-
selves.

Finally, we note that in very recent measurements'® on
single-crystal thallium compounds with a 7. of 110 K
that melting occurs at approximately 40 K, strengthen-
ing our surmise that this is a general feature of these
compounds.

In conclusion, we have studied flux-lattice melting in
single-crystal YBCO and BSCCO. Unlike in conven-
tional three-dimensional superconductors which melt at
T., these materials show flux-lattice melting well below
T.(H). We argue that this is a general feature of these
materials with severe implications for potential applica-
tions. At the moment we have no clear theoretical un-
derstanding of the phenomena, although some type of
fluctuation-induced melting transition enhanced because
of the short coherence lengths seems possible.
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