INTERNATIONAL ATOMIC ENERGY AGENCY | g,

»&} UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CULTURAL ORGANI ATION ”
Eﬂ 7 i 5“

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS | ==
LCT.P, PO. BOX 586, 34100 TRIESTE, ITALY. CasLt. CENTRATOM TRIESTE

NID(

= UNITED NATIONS INDUSTRIAL DEVEL()PM_ENT7(?RGAN"!?}_\J:E()N 3

INTERNATIONAL CENTRE FOR SCIENCE AND HIGH TECHNOLOGY

Lo INTERSATIONAL CFNIRE FOR THEORETH AL PHYRCS  MA0 TRESTE (1AL Y S18 GRILNANG, § ARRISTICET PAIAM PP O BOK 38 TELEPHUKE s 2870 THCED AN e I TN dhotie SIH T

SMR/481 -4

EXPERIMENTAL WORKSHOP ON
HIGH TEMPERATURE SUPERCONDUCTCRS AND RELATED MATERIALS
{ADVANCED ACTIVITIES)

(26 November - 14 December 1990)

“ Flux Lattices in Exotic Superconductors "

presented by:

D. BISHOP
AT&T Bell Laboratories
Murray Hill, NJ 07974
U.S.A.

FLUX LATTICES IN EXOTIC SUPERCONDUCTORS

David Bishop
ATT-Bell Laboratories
Murray Hill, New Jersey 07974

OUTLINE
1) Introduction to Flux Lattices in Superconductors

2) Flux Lattices in High Tc Superconductors

A) Static Structures
i) the flux quantum and the Little-Parks exp
ii) hexatics
iii) liquids
iv) phase transition from fiquid to hexatic
v) chains

B) Dynamics of Flux Lattices
i) oscillator experiments and melting
i) picovollmeter experiments

3) Other Superconducting Systems

A) Heavy Fermion Superconduclors
i) power law transport properties
i) compiex phase diagram-oscillator exp
ii) magnetism and neutrons
iv) flux lattices w/ neutrons

B) Twe-Dimensional Superconductors

C) One-Dimensional Superconductors

4) Conclusions
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SQUID Picovoltometry of YBa,Cu, 0, Single Crystals: Evidence for a
Finite Temperature Phase Transition in the High Field Vortex State

P.L. Gammel, L.F. Schneemeyer and D.J. Bishop

AT&T Bell Laboratories
Murray Hill, New Jersey 07974

ABSTRACT

Using a SQUID picovoltmeter, we have measured current-voltage curves of
YBaj; Cuy Q7 microtwinned crystals as a function of temperature in fields from 1 10 6
Tesla. The data constitute evidence for a finite temperature phase transition in the vortex
state, Exponents derived within the framework of the vortex glass model are found to be
similar to thin film values. Strongly temperature dependent correlations, involving up to
10° vortices near the wansition, combined with the qualitative failure of thermal
activation models to fit our data support the existence of a phase transition.

PACS numbers: 74.60.Ge, 74.70.Vy

SQUID Picoveltometry of YBa, Cu; O, Single Crystals: Fvidence for a
Finite Temperature Phase Transition in the High Field Vortex State

P.L. Gammel, L.F. Schneemeyer and D J. Bishop

ATA&T Bell Laboratories
Murray Hill, New Jersey 07974

The statics and dynamics of fluxoids in the mixed state of the high
temperature superconductors have generated intense interest and controversy. This is for
two important reasons. First, an understanding of vortex interactions may help in
obtaining high critical currents. Second, the mixed state is an excellent system in which
to probe the decay of positional and orientational correlations and the nature of phase

transitions in the presense of disorder.

The first evidence for unconventional behavior of the flux lattice in
YBa;Cu3z Q07 (YBCO) came from measurements of the decay of magnetization. An _
irreversibility line was found! which was associated with thermally activated depinning
of single flux lines?. High-Q mechanical oscillator measurements’, suggested a more
controversial interpretation, namely a melting transition from an ordered phase into a
high temperature flux liquid. The high temperatures, short coherence lengths and large
¢ —axis anisotropies were postulated to increase the importance of thermal fluctuations to
allow a meliing transition resembling that seen in two-dimensional superconducting
films*3. A phase transition in three dimensions is also predicted by Lindemunn
theoriesS:” and models of entangled flux liquids®.

These simple phase transition models fail’ 10 incorporate the disorder

4]

which leads to pinning. Larkin and Ovchinnikov'™ showed that disorder leads 10 the



destruction of long range positional order in the flux lattice in all dimensions less than
four. Hence, in three dimensions, pinning should dominate. An extensive literature
explaining transport data in terms of thermally activated flux-flow (TAFF) and flux creep
hus emerged!!. These models postulate the existence of a finite resistivity for all T>0

and only weakly temperature dependent crossover currents for the onset of nonlinearities.

More recently disorder has been included in theories which do involve a
phase transition. Following the work of Ebner and Stroud'?, Fisher et at'® have
postulated a vortex glass wansition. Alternatively, Marchetti and Neison'! have
‘examined the entanglement model with disorder, drawing an analogy to polymer glasses.
In both theories, a phase transition is signaled by the vanish'mgrof the zero frequency
resistance. Koch et al'® have analyzed thin film -V curves in terms of the vortex glass
model, although the strength of their scaling has been criticized'®. A phase with
orientational order only—sui:h as an hexatic-may also be stable in some part of the phase
dingram 17 Worthington et al'® have measured I-V curves on single crystal YBCO which
they use to argue for the presence of an hexatic at high temperatures with a quasi-first

order melting transition into an ordered phase at lower lemperatures.

In this letter we report on -V curves of YBCO in fields of 1 to 6 Tesla
applied paraltel to the S-axis with sub-picovolt resolution. It was our reasoning that I-V
curves at and near linear response at the picovolt level would provide the largest testable
differences between the various theories. Our measurements of the temperature
dependence of both the linear response resistivity and onset of nonlinear response
strongly constrain theoretical fitting parameters and have allowed us 10 rule out a class of

thermal activation models.

{n our experiment, voltages were measured using a moditied BT SQUID
voltmeter, To adapt to the high temperatures involved, we used an inpul circuit consisting
of NbTi wires soldered to a silver backbone and embedded in an epoxy and copper
housing. The temperature gradient from 4K to the sample temperature was designed to
occur over the final 3cm of the SQUID input circuit. The field gradients for the high field
magnet were engineered in conjunction with magnetic shielding 10 minimize the fields on
the input circuit. With the sample chamber at 100K, and an applied field of 6 telsa, the
SQUID noise corresponded to a sensitivity of lpV/V'E. Owing to a contact resistance
of —1Q with this sample, the experimental noise was 7pV/er:I;. With a wypical

bandwidth of .01Hz, this gave us a sub-picovolt measurement capability.

The sample is identical 10 one used in a previous report by Palstra et al'!. It
is a thin slab 2Zmmx Immx20pum with voliage leads Imm apart. The thin direction is the
¢ axis. The crystal is heavily twinned in the ab plane. The zero field superconducting
wransition is sharp in our measurement, with the resistance dropping by approximately
two decades per 0.1K over the range 0.5>R/Ry > 1075, The normal state resistivity of
64pQ—cm is further evidence for the high quality of this sample, With a T in zero
field of 88.033K, however, the transition is suppressed from optimal. For R/Ry > 1072

the data are identical to those reported earlier'!.

The basic data consist of two types. At each field, a series of isothermal 1-V
curves, as shown in the inset to fig. 3, constituie the bulk of the data. These curves werc
taken in two ways, which gave identical results. In the first, the voltage was measured at
discrete current intervals. In the second, lincar current sweeps of 1000 sec each were

pieced together and averaged to cover the current range. In both types of meusurement,
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the effective system bandwidth was .01Hz. A second type of measurement, in which the
current was square wave chopped at .001Hz, with lockin detection, was used to determine
the linear response value of the resistance for those data sets where the I-V curves
showed a linear range. This value was always equal, within experimental errors, to the
value obtained by fitting the linear part of the 1.V curve. The current range over which

this was applicable forms an integral part of the discussion of the data below.

We will focus on the data at 6.0 Tesla. Dawa at other fields are similar,
except as explicitly noted. The curves in the inset to fig. 3, separated by approximately
0.1K, show a crossover from linear 10 non-linear behavior as the current is increased. In
fig. 1, the crosses indicate the emperature dependence of the lingar response data. The
inverse logarithmic temperature derivative of R/R y is displayed, where Ry is the linear
extrapolation with temperature of the normal state resistance. This quantity has a
straightforward interpretation within several models of fiuxoid dynamics and will be used
as a test of their validity. A linear plot of R/Ry vs. T shows the same qualitative
featzres, including a shoulder at R/Ry~0.2, as noted prcviously'a. The dashed line is
our simutation of the TAFF mode! suggested by Griessen'®. In his model, complexity is
intrvduced in two ways. First, the sample is envisioned as a parallel summation of
channels with different activation energies, with a distribution defined by a log-normal
curve. In addition, each channel is shunted by a Bardeen-Stephen term. Despite this, the
dashed line in fig. 1, which arises from the linear response part of our simutations?! of

-U/kT

his theory, is indistinguishable from e . There is clear disagreement with the data.

The disagreement with other TAFF models 18 js equally severe.

However, a good fit to our data is found within the framework of the vortex
glass model'?, In the scaling regime of this model, the resistance should vanish as
R«(TnTg)"(””. This implies that the plot shown in fig. 1 of (9€nR/AT)"V ve. T
should be a straight line which extrapolates to zero at T, with a slope 1/v(z—1). The
data shown in fig. 1 give T, =74.0K and v(z~- 1)=6.5. Another way of fiting this data,
shown in fig. 2, is log(R/Rn) vs. log{T~T,). For a proper choice of Ty, the solid
points should lic on a straight line with slope v(z—1). The values thus determined are
consistent with fig. 1 and give ovemall T,=74.0£0.2K and v(z-1)=6.5+1.5.
Deviations from scaling set in ~3K above T . For other fields, not shown, the width of
the scaling region is reduced roughly in proportion to T, — Ty, where T is the zero field

transition temperature.

For the nonlinear data, the simplest fit is again shown in the inset in fig. 1.
The average power law fit to the 1-V curve over the ranges 10-%>V>10"7 (solid
symbols) and 1077 >V >10"8 (open symbols) is shown. As the voltage scale is reduced,
the deviations from linearity are pushed to lower temperature and become more abrupt,
For vortex glass scaling, at T=T, one has V-JECIY2while extrapolation with
temperature to T, is difficult, we estimate z=3.4£1.5 from these data, comparable to
what is presented below, We define a crossover current I, from V/IR=2. Normalizing to
Jo=1 (74.811K)=2.5x10% A/m?, the data are shown in fig. 2 as the open symbols.
The onset of nonlinearities with cumrent defined by a TAFF model is simply Jo ~T,
which is a constant over the range fig. 2 and clearly disagrees with the data. Within the
vortex glass model the crossover current vanishes at the transition as Jsc~(T—Tg)2V.

which is the straight line shown in the figure. This gives v=2.0%1, Note the remarkable



temperature dependence of J;, which varies by a factor of ~50 over less than 3K in
temperature at 75K. This is exwremely difficult to generate within a flux creep or flow
scenario. Following Fisher et al'*, we may use this current to define a length scale via
Eq=(ckp TI¢‘,J)”2. This is the length scale over which the current J can affect thermal
distributions. At our lowest temperature §4~15um implying cooperative motion of
~10% vortices. This length scale is almost a factor of 50 larger than that extracted by
Koch et al*® from their thin film work. The exponent v from our nonlinear data can be
combined with our lincar response data to give v=2%1 and z=4.3%1.5 within the
framework of the vortex glass theory. At a field of 4.0 Tesla, Koch et ai. found v=1.8

andz=4.7.

Within the vortex glass theory, for T>T, the linear response resistance R

and the crossover current J .. can be used (o scale all the [-V curves as shown in fig. 3.
For those data sets with Il{l!_ >4, R could not be determined from the data, and were

chosen to make the plot in fig. 3 a smooth curve. These values were consistent with the
vortex glass scaling hypothesis for both the vanishing of the resistance and the current
scale. Shown for comparison are the functional forms exiracted from TAFF (solid line)
which is simply sinh(J/J, ) and the scaling function found by Koch et al® {open circles).
The curves were adjusted to agree at % =8. As already stated, the data show a
significant qualitative departure from TAFF. Here, however, we also find differences
from other data used to advocate a vortex glass ansition. Three reasons could account
for this departure. First, the thin film data of Koch et al focused on large nonlinearities.

Their scaling was least accurate near linear response, where this comparison is made.

Alternatively, both data sets may be correct, and the difference in §4 may represent
different scaling function for crystals as opposed to films. Of course, it may be thut the
dependence of the scaling functon on sample points to a failure of the vortex glass

hypothesis.

Shown in fig. 4 is our composite phase diagram for the voriex state of
YBCO. H, was taken from Welp et al®, shifted to agree with our zero field T.. The
solid symbols are derived from fits to the vortex glass hypothesis. The prediction of the
vortex glass model for this phase diagram is shown by the solid line, Hg~(T, —Tg)‘m.
This arises from the zero field emperature dependence of the coherence length in the
fluctuation regime. Mean field theory would give a linear T, (H), which is shown by the
dashed line. In this case, even near zero field there could be a transition below T.. Such
an effect has been noted in low ficld magnetization data®®. More extensive low field

experiments are required to resolve this dilemma.

In conclusion, we have used a SQUID based picovoltmeter to measure the
IV curves of microtwinned YBCO crystals at and near linear response. The data
represent significant evidence for a finite temperature phase transition in the vortex state.
At our fowest temperature, the current scale for nonlineanities implies a coherence length
E4~15um for vertex motion. Such a coherence volume incorporates ~10% vortices,
which strongly suggests that only many particle theories with a phase transition will be
able to explain our results. Qur data significantly disagree with the predictions of present
TAFF theories. Much of the data can be described within the framework of the vortex
glass model with v=2%1 and z=4.3+}.5, However, depanures from eurlier data with

respect 1o the scaling funciion leave open questions as o the details of this model.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.
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FIGURE CAPTIONS

The inverse logarithmic derivative of the resistivity should vanish in any
model with a phase transition. The voriex glass is represented by the solid
line. The dashed line is the prediction of the TAFF model as formulated by
Griessen (ref. 16). In the inset, the power law slope of the 1-V curve is shown

for two voltage rzmgfzs-—ll)‘s <V<10~7? (@and10-7< V<109 (O).

Fits 1o the vortex glass theory for the 6 Tesla data. The solid symbols are the
linear resistivity with Ry =.064Q. The open symbols are the current where

V/IR=2 with J ; =2.5x10° A/m?.

The scaled data (points). For comparison are the scaling function of Koch et
al (open symbols) and the prediction of TAFF (line) are shown. The inset
shows the I-V curves at constant temperature for the 6.0T data. The curves

are spaced by approximately (11K, excluding 74.377K.

The phase diagram for the vortex lattice. H,; is taken from estimates of
Welp et al. T, is taken from the zero field resistive transition, which is sharp
on this scale. The solid line is a 4/3 power law fit to the data. The dashed line

is a linear fit.
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TRANSLATIONAL AND BOND-ORIENTATIONAL ORDER IN
THE VORTEX LATTICE OF THE HIGH-T¢ SUPERCONDUCTOR
Biy1Sr1.9Cag9eCuz034.45
D.G. Grier, C. A. Murray, C. A. Bolle fa], P. L. Gammel, and D. I. Bishop

AT&T Bell Laboratorics
Murray Hill, New Jersey 07974

David Mitzi [b], and A. Kapitulnik

Stanford University
Stanford, California 94305

ABSTRACT

We have investigated the microscopic ordering of the flux lattice
in the mixed state of Bi, 98r3;Cap9Cuy0g,5 near He by
image analysis of Bitter decorated samples. We observe a
dramatic transition from strong isotropic disorder o hexalic
order with increasing magnetic field. This transition occurs at a

lower applied magnetic field for samples which are anncaled in
oxygen.

PACS Nos. 74.60.Ge, 74.70.Vy
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[a] Present address: Instiluto Balsciro, 8400 Bariloche, Rio Negro, Argentina,
{b] [b] Present address: 1BM T, J. Watson Rescarch Center, Yorkiown Heights, New York 10558

Layered copper-oxide superconductors have a combination of properties not seen
in conventional type-Il superconducting materials including short superconducting
coherence length, long magnetic penciration depth, very high mass anisotropy, and high
criical temperature. The resulting rich and novel phenomenology has sparked
considerable experimental and theoretical effort. One area which has received attention is
the nature of the ordering of the magnetic flux lattice in the mixed state!']. Measurements
of bulk propertics such as mechanical dissipationt?, transport’®), and magnetization!?),
have been interpreted in light of the various predicted phase diagrams which include
exolic new states of the vortex lattice including flux meltingt®! ), entangled flux
liquids!”, hexatic flux liquids®™l, and hexaticl® vortex glasses!!®. However, these
experimental techniques do not probe the microscopic order which not only differentiates
among the proposed configurations, but also exposes the relevant physics of vortex

pinning and entanglement. T

In this Letter, we report obscrvations of the development of long-range
translational and bond-orientational microscopic order in the flux lattice of single crysial
Bij Sry9CagsCu20g.45 as a function of applied magnetic fields. Our experiments
probe the region of the phase diagram at low applied fields between H = He, (for our
demagnetization factor He, = 0.5G) at which vortices are infinitely separated, and H =
B, where the intervoriex separation a ~ 0.5 m becomes comparable 1o the in-plane
magnelic penetration depth, Ay. In particular, we observe an abrupt transition from
strong isotropic disorder to a phase with hexatic order. For o.xygcn-anncalcd samples,

this transition shifts dramatically to lower ficlds.
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Qur single crystal BSCCO [2212] samples were prepared with a directional
solidification technique described elsewhere!'!l Typically, they are rectangutar slabs of
width w = 1mimn and thickness d = 10—-30m with the c-axis aligned along the short
direction. Some samples were subsequently annealed at 600°C in 1 atm of oxygen for 24
hours and then quenched to room temperature while the rest were examined as made.
Magnetization measurements of the unannealed samples indicate homogeneous bulk
superconductivity with onset at T, = 88.5 K and a transition.width (10-90%) of 5 K. The
annealed samples have onset temperatures ranging from 85.5 K to 86.5 K with transition
widths of 2 K. X-ray diffraction shows that the lattice spacing along the c-axis shrinks
from 30.89(1) A to 30.80(1) A after annealing, while the a and b spacings remain

constant at 5.413(2) A and 5.411(3) A, respectively. High resolution XPS of the O,

core levels shows that additional oxygen not only fills oxygen vacancies in the Bi-O, . .

plane, but also enters the lattice at olhf‘.r points. This strucmra] change may affect the
carrier mass anisotropy characteristic of layered superconductors. Torque
magnetometry'?) indicates T = (m./m,)® = 55 for our unannealed samples. The
measured room-temperature resistivity anisot.ropym] of our samples changes by less than
10% with annealing suggesting that oxygen annealing does not decrease I appreciably.
While changes in I” might be offset in these measurements by compensating changes in
the carer concentration and scattering time anisotropy, this is unlikely. Muon spin
resonancel'® indicates that the a-b in-plane penetration depth is approximately
Ay = 0.30pm. Assuming a superconducting coherence length of § = 15—201?\, the

Ginzberg-Landau parameter ¥ = Ay/§ = 200.

Twenty specimens cleaved in air along the Bi double layer were cooled
immediately to 4.2 K in vacuum in applied magnetic ficlds ranging from 5 G to 100 G
oriented normal 10 the superconducting a-b planes. Flux lines trapped in the samples are
then located using the Bitter decoration technique!™! in which a Brownian "smoke” of
~50 A diameter ferromagnetic Fe particles drifts through He buffer gas along magnelic
field gradients to the surface. Particles reaching the surface are held in place by Van der
Waals forces and are observed with a scanning electron microscope (SEM) after warming
to room temperature. Samples reached a temperature of -5K during the 1 second
required for decoration. Two samples were decorated simultaneously to ensure uniform

decorations.

I is important to realize that these field-cooled decoration experiments do not
measure the equilibrium configuration of the vortices at SK whcrc thcdocorauon_mkps .
place, but instead a configuration qucnthd @n___a't a higher temperature, T¢(H), where the
microscopic configuration goes out of equilibrium. In the low density limit, we will
assume this happens when vortices become individually, rather than collectively, pinned.
At present there are no microscopic measurements of Ts. Macroscopic magnetization
becomes irreversible for samples similar 10 those in our study, at a temperature T that
has been measured!'® to be very close to T, at low applied fields (T = 0.99Tc atH =
5Gand Ty = 0.90T, at H=100G.) Bitter imaging experiments!!”) on BSCCO in an
applied field of 20G at ~15K, however, show vortex motion on the order of 1 pm during
the 1 second required for decoration. Thus some thermal motion is taking place even at
15K, presumably due to the very weak pinning strengths in BSSCO, so that the

configurations we observe are rtecmnants of the equilibrium configuration at



T¢ = 15K < Tin.

At the highest magnetic fields of our study, particie interactions sometimes
produce spurious pairs and even chains of particles. Such regions were avoided in our
analysis. Some samples displayed "stripe” decoration featurcs in which unusually large
numbers of particles clump along straight lines extending across the sample. Preliminary
high-resolution ransmission electron microscope studics suggest that stipes may occur
along boundaries between crystalline domains whose a- and b-axes are rotated by 90°.
No twinning is observed in x-ray diffraction, however, so that these domains or stacking
faults may occur below x-ray detectable levels. Since stripes affect the ordering of the

neighboring vortex lattice, we only examined regions without them.

We have shown previously!'®! for YBCO that the vortex density is no = H/¢, 10
within experimental error. We find this 1o be true for the BSSCO samples as well. For
this study, we digitized 42 SEM photographs of Bitter decorations using a video frame
grabber at a resolution of 512 by 480 pixels and a dynamic range of 256 gray levels.
Two or three pictures were taken near the center of cach sample from regions scparated
by more than 500 um. A typical digitized image contains approximately 4000
decoratipn clusters separated by approximately 8 pixels. SEM photographs of Bitter
decorations of annealed samples at 69G, 23G, and 8G appear in Figures 1 (a), (b), and
{c), respectively, The locations of the clusters were then determined to onc pixel
accuracy using an image processing technique described previously.!'®! Gradients in the
vortex density across images were determined to be less than 0.5%. Experimental
uncertainty in vortex location arises both because of the irregular shapes of some clusiers

and also because of the inherent difficulty in placing a mjangular lattice in registry with a

square grid.

Figures 1 (d), (c). and (f) show Dc:launay'triangulmim\s[201 for the images in
Figures 1 (a), (b), and (c), respectively. Each vortex core is represented by a vertex in the
triangulation, with bonds drawn to all nearest neighbor vortices. Triangles bordering
wopological defects such as disclinations (non 6-fold coordinated vortices) an-d edge
dislocations (5-7-fold disclination pairs) in the vortex lattice are shaded. These
triangulatons and the pair correlation functions, g(r), calculated for the centers of the
vortices, Figures 1 (g), (h), and (i), embody the major qualitative results of this Letter. At
an applicd field of 8G, the vortex density is n, = 0.75pm ™2 and the vortex lattice is
throroughly disordered. As the vortex density increases to 1.91 pm~2 (11G), much of

the disorder abruptly vanishes, leaving only small concentrations of bound and unbound

edge dislocations piercing the sample surface. ‘The presence of free dislocations suggests .

that the flux lattice is hexatic under these conditionsi?!l. As the vortex density increases
to 5.77 1.Lm'2 (69G), we readily find defect-free regions exiending beyond the
experimental field of view. The increase in long-range order with increasing vortex

density is also reflected in the g(r).

Above the disorder - hexatic transition, we observe a low density of unbound edge
dislocations which decreases with increasing applied ficld. To further elucidate the
development of long-range order in the vortex lauice, we have calculated the bond-
orientational and translational comrelation functions for the measured sets of voriex
Jocations. The translational correlation function!?], g& (r), is calculated from the order

. . - =1 _, =2 . . .
parameter for each site i WG (r]) = exp(iG-r7), where G is a first reciprocal lattice

vector obtained from the power spectrum of the vortex locations. Figure 2 (a) shows
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gc(r) for the images in Figure 1, We have fit the correlation functions to a simple
exponential dccaym' g3 (r) ~ exp(-r/Eg) with correlation lengths £G ranging from la
for the 8 G sample to approximately 20a in the 69G example. The resolution limit for
our imaging system is approximaicly 50a as determined by performing the same analysis
on digitized perfect hexagonal lattices with random displaccme;ms of points by up to two

pixels as would be expected from both regisiry and digitization errors.

Figure 3 (a) shows the range of comelation lengths measured for the least
disordered spot on each sample with three different directions of G versus applied
magnetic field for both annealed and unannealed samples. In both cases, the translational
order is increasing with increasing magnetic field and shows no sign of saturating.

Although the data points are scattered, their trend is reasonably consistent with the linear

(23,
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increase in correlation length with applied field predicted by Chudnovsky

The 6-fold bond orientational order parameter at vortex location i is defined as - ~ -~

yelr?) = n;~! T exp(i60;;) where <nn>; is the set of n; nearest neighbors and
j& <m>,

0;; is the angle made by the bond from site i to site j with respect 10 a fixed axis. The
correlation function for this order parameter, gg(r), is plotted in Figure 2 (b) for the
samples at BG, 23G, and 69G. The solid lines are fits to the algebraic form g4 (r) ~ r e,
The 23G sample has long range orientational order (ng = 0.09) while its translational
order falls off rapidly (§& = 3a). This is the definitive signature of the hexatic phase.
The 69G sample has both longer-range translational and orientational order, and no
topological lattice defects within our sampling area. This is the most ordered vortex

lattice we have observed for high T, superconductors, The exponents, Tg. for the

samples selected for Figurc 3 (a) appear in Figure 3 (b). The dashed line at ng = 0.06
shows the limit of our experimental resolution, determined by imaging a perfect
hexagonal lattice, below which we can say that a sample has developed long-range

orientational order, or gg(r) — const.

For samples with 2a < £3 < 10a, the measured valued of £3 and n¢ are consistent
with the measured density of edge dislocations, suggesting that topological defects
determine the order in this regime. We note that the theories of vortex laitice
melting®0% and glass transitionst 23] which include only elastic interactions do not

include the possibility of such topological defects.

For samples at higher fields with 10a < §G < 20a, Eg is considerably smalier than
the average distance between dislocations. Indeed, we see essentially no topological
defects within the imaging area of 65 x 60 vortices. Suppression of &g in this regime is
caused by random lattice displacements which reflect random pinning and remnants of
thermal motion above the microscopic quenching temperature, Ty, and experimental

decoration inaccuracies.

We see a clear shift of the transition from disordered lattice to hexatic from 8G for
the annealed samples to approximately 20 G for the as-made samples. This shift could
result from the reduction in the density of oxygen vacancy pinning centers with high
temperature  oxygen annealing, and possibly from a change in effective  mass
anisotropy!®. The abrupt transition from isotropic order to hexatic order could come
about in several scenarios: 1) a crossover from pinning-induced disonder near H | 124144 a

regime dominated by thermal fluctuations; 2) a flux liquid to hexatic vortex glass



transition!$1'®U2); 3) remnants of high-temperature liquid and entangled hexatic liquid

phases quenched in during field cooling!),

We acknowledge helpful discussions with D. Huse, S. Martin, D. Nelson, A.
Sudbo. Two of the authors would like to acknowledge support received from AT&T (D.
B. M.) and the NSF (A. K.). This work was supported in part by the Joint Services
Electronic Program under Grant No. N00O014-84-K-0327 and by the Stanford Center for

Materials Research through the NSF Department of Materials Research.
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FIGURES

FIGURE 1:
{a - ¢) Scanning clectron micrographs of Bitter decorations of oxygen-annealed BSCCO
cooled 1o 4.2 K in magnetic fields of 69G, 23G, and 8G, respectively. The fields of view
are (a) 27 x 25 pm?, () 48 x 45 pm?, and (c) 72 x 68 um?. (d - f)rDclaunay
triangulations corresponding to the images in (@ - c), respectively. Shaded wiangles
adjoin ventices which arc not 6-fold coordinated. (g - i) Azimuthally averaged pair
correlation functions for the locations of vortex cores identified from the images in (a -

€).

FIGURE 2:
(a) Translational correlation functions, gg(r), calculated for the vortex locations
identified from the images in Figure 1 (a - ¢). Diamonds correspond to the 690 sample,
triangles 10 23 Cli. and squares to°8 G. Solid lincs are fits to the form
gg(r) = A exp(-1/8g).
{b) Bond-orientational correlation functions, ge{r), calculated for the voriex locations
identificd from the images in Figure 1 (a - c). Solid lines are fits 1o the form

ge(r) = Ar %,

FIGURE 3:
(a) Translational correlation lengths, &g, for annealed (open circles) and unannealed
{filled circles) samples.
(b) Bond-orientational exponents, N6, for anncaled {open circles) and unannealed (filled

circles) samples. The line atmng = 0.06 is the limit of our experimental resolution.
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Observation of a Commensurate Array of Flux Chains in
Tilted Flux Lattices in BSCCO Single Crystals

C. A Bolie?, P. L. Gammel, D. G. Grier, C. A. Murray and D. J. Bishop
ATT-Bell Laboratories
Murray Hill, New Jersey 07974

and

D. B. Mitzi® and A. Kapitulnik
Stanford University
Stanford, California 04305

Abstract

We report the observalion of a novel flux lattice structure, a
commensurate array of fiux line chains. Our experiments consist of
magnetic decoration of the fiux lattices in high quality single crystais of
BSCCO where the magnetlic field is applied at an angle with respect to the
conducting planes. For a narrow range of angles, the equilibrium structure
iz one with uniformly spaced chains with a higher line density of vortices
than the background lattice. Our observations are in qualilative
agreement with theories which suggest that in strongly anisotropic
materials, the vortices can develop an attraclive interaction in tilted
magnetic fields.

PACS numbers: 74.60.Ge, 74.70.Vy
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Observation of a Commensurate Array of Flux Chains in
Tilted Flux Lattices in BSCCO Single Crystals

C. A. Bolle2, P. L. Gammel, D. G. Grier, C. A. Murray and D. J. Bishop
ATT-Bell Laboratories
Murray Hill, New Jersey 07974

and

D. B. Mitzi® and A. Kapitulnik
Stantord University
Stanford, California 04305

Flux latlices in the high Tc superconductors have proven to be a rich and
interesting area for research. Slrong anisotropies and the importance of
thermai fluctuations have combined to produce a variety of new
structures and regimes not previously seen 'in flux lattices in
conventional superconductors. Oval vorlices', hexatics?, liquids®, and
intrinsic  pinning* have all been seen in studies of static flux laitice
structures. Flux lattices have become important model systems to study

the influence of disorder on positional and orientational carrelations® as

well as its effect on the character of phase transitions in the lattices®.

In this letter we report the observation of a novel flux lattice structure
which arises when the magnaetic field is tilted with respect to the highly
anisouopic conducting planes in single crystals of Bi, ,SryoCag4Cu,04,,
(BSCCO). We have found that for a narrow range of tilt angles, some of
the flux lines form into a commensurate array of fiux chains uniformly
spaced along the sample. Ouwr experimaenis provide supporting evidence
for recent theories’” which suggest that in strongly anisotropic
materials, the normally purely repuisive interaction between flux lines

develops a bound state al a finile separation.
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QOur experiments consist of the Bitter pattern technique® for decorating
the magnetic flux lattices in high quality single crystals of BSCCO. The
Bittwr pattern technique uses very small ferromagnetic particles to
sense the field distribution at the surface of a material. The "smoke" is
made by evaporating a magnetic material in a background of inert
(helium) gas. A freshly cleaved sample is first field-cooled to trap the
flux. Magnetic Fe particles of size ~50A are then formed by evaporation,
thermalize in the gas, drift to the sample surface and preferentially
decorate regions with strong magnetic field gradients. The surface Van
der Waals forces hold the particles immobile. The sample is then
warmed to room temperature and the lattice examined using a scanning
electron microscope. More details of the techniqgue as we implement it

are given in previous work®.

The single crystals were grown using a directional solidification
process as described previously'?. The crystals are typically in the form
of thin sheets with basal plane dimensions of up to several ¢cm? and
thicknesses up to 100 pm. The latlice constants, a0=5.413(2)A.
b0=5.411(3)f\, and c0=30.91(1)A, ware determined using a four-circle
x-ray diffractometer. As is typical in these materials, an
incommensurate periodicily of 4.7(1)b, was observed along the b-axis.
The crystals, as extracted from the mell, demonstrated a large, sharp
{<5K 10-90% transition width) Meissner transition with an onset at
88.5K, indicative of a homaogeneous, bulk superconducior. The crystals
used for this experniment were not annealed. Torque magnetometry
experiments'’ have shown that this system is three-dimensional with a

large anisotropy parameter I'={m_m }'""555,
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Shown in figure 1 is a micrograph of a flux lattice taken with an applied
field B, of 35 Gauss at an angle 8 = 70°. The dark spots indicate the
vortices, separated by 1.4 pm on average. The geometry is as defined in
the inset in figure 2. The a and b axes are oriented randomly with
respect to the tift axis as determined from many separate experiments.
The obvious chain structures seen in the photo are ailways found to run
"up and down hill" in the sample, independent of the. a-b axes
oriemations.  These chains have been seen for angles between 60 and 85
degrees al fields between 23 and 97 gauss. In the pholo, the chains are
separated by approximately 10 pm. This structure is the main result of
this paper. The phenomenology of these features will now be discussed

in detail.

Shown in figure 2 is data obtained for decorated flux lattices at angles
between O and 90 degrees. The quantity E is the measured average
density of flux lines in a picture times the flux quantum. What is plotted
is this gquantity normalized by the applied field B, vs rotation angle. The
simplest picture for the average densily as a function of field whicﬁ
emerges is that the field component perpendicular to the ¢ axis of the
sample, given simply by B,cose. forms the lattice that we see. The solid
line shown in the figure is this dependence which fits the data quite

well given the uncertainties.

Up te angles where we begin to see chains, we see no distortion or
elongation beyond 4-5% af the hexagonal flux latlice, This aiready
points to an important role of the anisciropy in this system. For an
isolropic superconductor, ignoring surface effects, one would expect to
see a distorted vortex latttce with a ratio of laitice parameters

proportional to coso This 1s simply due to the projection of a hexagonal
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vortex latlice perpendicular fo the applied field into the plane of the
picture. More detailed comparisons with the distorted vortex lattices
predicted'? for tilted fields will be published elsewhereS. In addition
over the range of fields we have studied, we see no effect of the field
component parailel to the surface on either the positional or
orientational correlation lengths. Also the parallel component of field
does not seem to break the degeneracy of the origntational order with
respect to the underlying crystal lattice or tilt direction. However when
the chains form they do break the degeneracy of the orientational order.
The chains always run up and down hill independent of the a and b
directions in the crysiai. As can be seen from the photo this locks in the
orientational order in the hexagonal lattice betiween the chains and
" orients the lattice with one of the lallice vectors aiways parallel to the

chains.

Shown in figure 3 is a plot of the perpendicular distance between chain
vorlices d as a function of the lattice parameter of the applied field

ay=1.075(9,/By)!"2 for all fields and angles 8. As shown in the inset in

figure 3, D is the mean measured distance between the vortices in the ab
plane and d=Dcos® is the distance between vortices in a plane
perpendicular to the applied field. What we see is that as the externally
applied field is increased, the line density of vortices in the chains also
increases. Also as the angle increases, the line density of the vortices D
in the chains decreases. It is also clear that the interaction n the
chains is relatively hard as the vortex spacing is seen to be constant
over the 'Iength of the chain and constant from one chain to the next.
However the photos suggest that interaction between chains is

relatively soft as the distance between them is found to vary quite a bit.
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The data for our decorations are tabuilated in table 1. The last column
gives the quantity D/a, where aj=aj({cos 8)'2is the lattice parameter
due to B. Note that the values cluster around (3/4)''2. Shown in the
inset of figure 4 is a Delaunay triangulation? for a chain formed at an
angle of 70° at a field of 97 Gauss where the background lattice is
ordered?. The decreased separation of vortices in the chains aver the
background lattice implies the existence of topological latlice defects.
What we find in our images are dislocations strung along the chains,
ordered into pairs with opposile Burgers vector. The dislocation pairs
are roughly evenly spaced apart a distance c¢ (equal to the average
interchain distance) along the chain and can be viewed as an array of
interstitials.  In the triangulation, a dislocation is marked by a 5-foid
coordinated vortex separated by one lattice spacing from a 7-foid
coordinated vortex. The pairs consist of two dislocations with equal and
opposile Burgers vectors. The cancellation of the strain held of a
dislocation pair of equal and opposite Burgers vectors at large distances

allows the lattice between the chains to be undisturbed.

Shown in figure 4 is a plot of the distance between chains c (see inset in
figure 3) vs a,. The data clearly show that the distance between chains
depends strongly on the magnijude of the applied field and weakly on
angle 8. The linear dependence suggests that c/ajis a constant or that
the number of vortices between chains is a constant for a fixed angle,
independent of the applied field and depends only weakly on angle if at
all.  Tha chain structure is then incommensurate with respect to the
underlying crystal lattice but commensurate with respect to the flux
lattice. This last point is eviden! in the triangulation shown in figure 4.
The distance between chains is on average c¢. The line densily of

vortices in the chain is such thal one accumulates one extra vortex along
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the chain for every distance c traveled. Thus the structure that we see

is the result of one and only one extra vortex line being added for every

chain superlattice unit cell.

It is clear that the chains orent the flux lattice and their formalion
destroys the rofational degeneracy which exists in this system because
there are no line defects to orient the flux lattice such as are found in
twinned YBCO4. This suggests that tilted fields could be used to orient
flrev laltices which might be important for technological applications as
well as in experiments such as neutron scattering in which one does not

wish to obtain a powder pattern for the scaitering.

Experimentally it is clear that the chains are formed by at ieast a
weakening of the repulsive interaction between vortices in the direction
orthogonal to the tilt axis ® due to a tilt of the current paths with
respect to the vortex axis resulting from the strong anisotropies in the
system. The chains are roughly evenly spaced along the sample due to a
repulsive interaction between them. The distance between them is
presumably determined by a trade-off in the energy gained by forming a
chain and the cost in energy due to the repulsive interactions between

them.

The bound state which we suppese is the underlying driving force for the
emergence of this structure has been discussed in several recent
theoretical papers’. The general idea is that because of the strong
anisolropy, the screening currenis must run in the conducting planes and
not in planes perpendicular to the axis of the vortex as for an isotropic

superconductor.
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There have been several calculations? for this siiuat‘ion within the
effective mass approximation. Kogan et al have calculated the potential
for a single vortex. A shallow attractive region develops in a direction
perpendicular to the rotation axis. Parallel to the rotation axis the
interaction is purely repulsive. Buzdin and Simonov have considered a
similar situation, but examined the lotal energy for a chain of vortices
near H ;. In both calculations, the equilibrium line density along the
chain had no field dependence in contradiction to the results presented
here. In addition neither calculation gave any indication of a normal
vortex lattice between the chains as is seen in our experiments.
However we believe thal these calculations have captured the essential
physics and need only to be extended to finite vortex density to fully

explain our data.

In conclusion we have observed a novel flux latlice structure which
consists of uniformly spaced chains of vortex lines embedded in a
background of an hexagonal flux lattice. These chains may arise from the
formation of a bound state between vortices in strongly anisotropic
maierials in the presence of a tilted magnstic field. The chains appear
to repel each other and the distance between them seems to be
determined by a competition between the energy gained by forming a
chain and that lost by not having them infinitely far apart. These chains
provide a non-destructive way of orienting the flux lattice in a given

direction without requiring the presence of line defects in the crystal.

We would like to thank L. Campbeli for providing unpublished data on his
calculations of vorlex lattice parameters and V. Kogan, P. Littlewood, D.
Huse, A. Sudbo, C. Varma and 5. Coppersmith for many helpiul

discussions. Two of the authors would like to acknowledge support
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Figure Captions
Figure 1: A region of the decorated crystal taken at an angle of 70° with
an applied field of 35 Gauss. The dark regions are the vortices, with an
average spacing of 1.4 pm. The chains run approximately perpendicular
to the rotation axis, and define the orientation of the vortex tattice

between chains. (The field of view is 75 pm by 80 pm)

Figure 2: The field E-_-n(bo defined from the vortex density n divided by
the applied field B, is plotted against the rotation angle 6. At low
angles, both the density B=B,cos8 and correlation functions {(not shown)

are equivalent to what would be generated by the normal component of

B,. The inset shows the sampie geometry defining the rotation axis .

Figure 3: The inset shows the gecmelry of the chains in the crystal ab

plane. The spacing along the the chain is D and between chains is ¢. The &

direction is arbitrary. The spacing along chains projected perpendicular
to the applied field direction d is defined as d=Dcoso. The data at all
angies and applied fields are plotted against 2,=4.808/(B,)""?, the vortex

lattice constant for a hexagonal lattice created by the tull applied field.

Figure 4. The spacing between chains ¢ as defined in figure 3 is plotted
vs a, for 9=70°. Data for three other angles is also shown. Because of
chain wandering, there is a large error in this measurement. The inset in
the lower right hand side shows a Delaunay triangulation for a region
near a chain (dark line) taken at 70° and 97 Gauss. To accommodate the
increased vortex density along the chain, pairs of dislocations (shaded

regions) are formed.

Table #1

! Angle (deg) Field B {gauss) Field i (gauss) D(um) cfum) d/e Df;]o—l
[ 10 335 36.0
20 s 354
a0 35 28.2
50 35 25.6
55 35 216
60 17 142 17.6 .D40 861
60 35 20.1
65 23 1.32 16.0 035 856
| 65 35 16.1 T
70 23 146 114 04a 852
70 28 119 111 040 830
| i 35 134 114 9.5 04z 796
| g 47 165 1.00 8.7 019 ERE)
‘ 70 69 2.8 0.84 6.8 042 B4
P 70 97 36.4 0.69 52 035 8%
[__ 75 35 10.1 135 73 047 219
L_ 30 35 58 1.56 19 .034 J73
80 47 1.89 71 D46 109
E 25 3 37 1.80 8.3 019 634
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