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Abstract

Neutron diffraction has been used to measure the vortex lattice scattering for

YBa2Cu3C>7. A square pattern is found when the field is applied along the c axis,

while a triangular pattern is found when the field is applied well away from the

c axis. High-resolution measurements for the square pattern show that the

vortex lattice has long-range orientational order but only short-range positional

order. The temperature dependence of the penetration depth is not that expected

for a superconductor with a conventional s-wave BCS type gap. Preliminary

measurements for temperatures near the irreversibility line are consistent with

the occurrence of melting of the vortex lattice or glass phase.

Managed by Martin Marietta Energy Systems, Inc., under contract DE-AC05-84OR21400, for the

U.S. Department of Energy.
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It is now well known that when a magnetic field larger than the lower critical

field is applied to a conventional type-II superconductor, a vortex lattice state is

established of the type predicted by Abrikosov1 from his solution of the

Ginzberg-Landau equations. With the advent of high-Tc superconductivity, new

effects are expected to become prominent in the physical behavior of the vortex

lattice. Nelson2 has shown that the standard theory of the Abrikosov state

should be modified for high-Tc materials as large thermal fluctuation effects may

be important. Because of this effect, melting of the vortex lattice can occur well

below Tc. Fisher3 has proposed that the vortex state is strongly affected by

disorder so that a vortex glass state may be the stable low-temperature phase of a

disordered high-Tc material. The vortex lattice for high-Tc materials may thus

display unusual new effects that are of considerable theoretical interest. In

addition, the current carrying ability of a superconductor depends directly on the

pinning of vortex lines since any current provides a Lorentz force that tries to

move the vortices. Therefore, a study of the vortex lattice is important for device

applications that require significant current carrying ability.

A vortex line can be thought of as a line that extends through the

superconductor for which the superconducting order parameter (or the density

of superconducting electrons) is zero. The requirement that the wave function

must be single valued at any point in the superconductor results in a

quantization of the flux in a vortex line. The value of the flux quantum is

O0 = he He- 2.07 x 10"7 gauss cm2. The width of a vortex line is about twice the

superconducting correlation length \ and is small for high-Tc materials, perhaps

10 A. Surrounding this normal region is a magnetic flux distribution with a

spatial extent that is about twice the penetration length X, which for high-Tc

materials is in the neighborhood of 1500 A. If fyX is small, which for high-Tc
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materials is a very good approximation, the London model can be used to obtain

the field distribution around vortex line. In this model,

so that the field distribution around the vortex is a logarithmic discontinuity.

Since the neutron has a magnetic moment, there will be an interaction

between the field distribution from a vortex line or fluxoid and the neutron. If

the vortex lines in the sample form a lattice, diffraction effects will take place.

The vortex spacing d can be determined by the number of vortex lines needed to

produce a given field.

For a square lattice, d = \-~- , (2)

or for an applied field of 8 kG, d = 508 A.

We use a neutron wavelength ^o of 4.75 A for our experiments so that by Bragg's

law, sin 6 = -^L, or 0 = 0.267°.
Id

The scattering angles that we need to measure are small so that the

measurements involve small-angle scattering techniques. The experiments

discussed here were performed at the small-angle facility at the High-Flux

Isotope Reactor at Oak Ridge.4 The experimental arrangement used is shown in

Fig. 1. A collimated beam of neutrons was brought incident to the flux lattice

which is established by placing the superconductor in an external magnetic field.

The lines of flux then diffract the beam so that it is counted by a position-
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sensitive detector. It can be seen that the triangular array of lines shown in Fig. 1

define scattering planes so that an image of the collimated beam is diffracted

onto the detector giving six spots as shown on the bottom of the figure.

The intensity of the scattering is given in Eq. 3 where C is a constant giving

the strength of the magnetic interaction, and A is the area of a two-dimensional

unit cell of the vortex lattice. Q is the momentum transfer or scattering vector.

(3)

Performing the integration we obtain

For high-Tc materials, X is large enough so that XQ is » 1 so that the scattering is

proportional to the inverse fourth power of the penetration depth. This means

that a rather poor determination of I(Q) still results in a good estimate of X.

Figure 2 shows the result of a measurement made at 11 K for YBa2Cu3O7

(123) for the field directed along the c axis. The small-angle scattering from the

sample itself gives a large background, and this has been eliminated in the

measurement by taking the difference between the data collected at 11 K and

data obtained at 100 K. Four peaks are seen simultaneously as the diffraction

angle for each falls within the angular resolution of the spectrometer. The peaks

are different sizes as the crystal is aligned so that some of the diffraction planes

are set to satisfy the Bragg condition better than others. A triangular lattice is

expected to be the lowest energy state of the Abrikosov vortex phase so that the

observed patterr. reflects the presence of another energy in the system. The four



Neutron Measurements of the Vortex . . . CE-01 Page 6 of 14

peaks fall along the [110] directions of the crystal and therefore along the twin

boundaries. Electron microscopy performed on a small piece removed from the

crystal used in the experiment shows that there are numerous twin boundaries

with a spacing of the same length scale as the vortex lattice spacing. The vortices

are thus pinned by the twin planes, and two of the four peaks result from the

pinning energy of each of the twin plane sets. We do not necessarily have a

square lattice since the vortex lines pinned along one set of twin planes may not

be directly related to the set of lines pinned by the 90° rotated set of twin planes.

The spacing, however, is that expected for a square lattice giving a Q of

2JC/508 A = 0.0124 A"l = 0.124 nm'1. This is shown in Fig. 3 in which the

intensity as a function of Q is given for one of the peaks when the crystal is

aligned in the Bragg condition for that peak. The spacing of 0.133 nnr1 expected

for the triangular lattice is not much different than the square lattice spacing, but

the peak center clearly falls at the square lattice position.

We can obtain additional information about the observed vortex lattice by

rotating the crystal in the angular region near the c axis and obtaining the

neutron intensity at each step, establishing the rocking curve shown in Fig. 4. If

the vortex lines were curved, the Bragg condition would be established at some

point along the vortex line for different angular positions of the crystal,

broadening the rocking curve. The 2° width of the rocking curve translates into a

length along the vortex line of 1.5 urn so that the lines must be at least this long.

More likely, the lines extend completely through the sample but deviate from the

c-axis direction on the average by an angle given by the width of the rocking

curve. Since the rocking curve is the same at 10 and 70 K, the straightness of the

lines is not temperature dependent in this temperature region. The pattern is to

be interpreted as resulting from long, rather straight lines pinned along twin

boundaries, with the spacing between lines given by the square lattice spacing.
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Some intensity is observed between the four peaks of the scattering pattern. This

likely results from the fact that the twin planes do not establish a square pattern

as they occur at different positions along c, and the twin domains are not of equal

size. The vortex lattice must accommodate itself to the twin boundaries in the

best way possible and, where this is difficult, defects result giving the scattering

in between the four main peaks.

Larkin5 showed in 1970 that any disorder in a superconductor should destroy

long-range positional order (LRPO) in the vortex lattice. We have made a high-

resolution measurement for the square pattern that has a Q resolution of 0.0025 ±

.0005 A"1. The Q width found for the square pattern is 0.0037 A'1 which gives a

value for the LRPO of 211/.0037 A'1 = 1698 A or about 3.5 lattice spacings.

Chudnovsky6 has suggested that for strong disorder, a vortex state may exist that

has no (LRPO) but that has long-range correlations in the orientation of locally

defined axes. The tangential width of the peak determines the extent of the long-

range orientational order and is 13° for our high-resolution measurement. 13° is

the size of the tangential resolution so that the orientational order is resolution

limited. However, even a wide tangential peak represents a correlation function

describing orientational order that approaches a finite limit at long distances. A

vortex lattice that has no (LRPO) but that has long-range orientational

correlations has been called the hexatic vortex glass phase,6 and this would seem

to provide a satisfactory description of our result.

Reference 6 deals with the case of randomly arranged pinning centers which

is clearly not the case for twin boundaries as they always occur in the same

directions. Since the twin boundaries extend over long distances, the pinning has

long-range correlations perpendicular to the boundary, but presumably the

vortices can move easily along the boundary. Therefore, there could be longer

range positional order for the vortex lines in one direction than the other. This is



Neutron Measurements of the Vortex ... CE-01 Page 8 of 14

then complicated by the fact that at another position along the c axis a vortex line

could encounter a twin boundary that is oriented 90° away from the first one.

Since the pinning sites are correlated, it may be that the low-temperature phase

should be thought of in terms of a Bose glass of the type discussed by Nelson and

Vinokur7 in their consideration of columnar pinning. The Bose glass would then

undergo a sharp phase transition at higher temperatures to an entangled liquid

of delocalized lines.

Figure 5 shows a measurement of the vortex lattice made in the same way as

for Fig. 2 except that the sample has been rotated so that the field is now applied

30° from the c axis. Since the rotation is not along a twin axis, we expect the

pinning from the twin boundaries to be small as the vortex lines are only pinned

at a point along the boundary. We see that six peaks are found showing the

existence of a triangular lattice which we expect is the intrinsic behavior of the

material. The peaks are spread out in angle by 33° so that the tangential width is

larger then for the square pattern. However, there is still long-range

orientational order since a ring of scattering is not observed as would be

expected for a glass. Like the square pattern, the correlation function for

orientational order remains sizable at long distances. We have not made high-

resolution measurements for the triangular lattice so we cannot determine the

extent of the LRPO for this case. In principle we could rule out or confirm the

Abrikosov lattice state by a careful measurement of the scattering in the radial or

Q direction as the scattering function for (LRPO) has a power law singularity

compared to a Lorentzian for short-range order. Our resolution makes this

impossible for the present measurements.

It is somewhat hard to see in Fig. 5, but the pattern is not circular. This is

because the material is an anisotropic superconductor as X is quite different along

the a- and c-axis directions. In rotating the sample, the y or up and down
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direction in Fig. 5 remains perpendicular to the c axis, while the x or left and

right direction is 30° from the c axis. Since X is different, parallel and

perpendicular to the c axis, the intervortex interaction is different giving different

vortex lattice spacings for the two directions. The variation from a circle that we

see is consistent with accepted values for the superconducting anisotropy.

We can measure the temperature dependence of the vortex lattice intensity

which, from Eq. 4, gives the temperature dependence of X. A small piece

removed from our sample showed excellent superconducting properties as Tc,

measured by ac susceptibility was 92.4 K, and the transition width wa* - . The

sample used for the measurements had the lattice constants expected for (123)

with the full oxygen content. We thus expect that our measurements reflect the

true superconducting state of the (123) material. Figure 6 shows the temperature

dependence of the intensity of the scattering from the vortex lattice. Points are

shown for both the square and hexagonal pattern. We see that the intensity at

low temperatures falls off much more quickly than that expected for either a two-

fluid model or a conventional BCS superconductor with s-wave pairing.8 For the

two-fluid model, we can relate the superfluid fraction and normal state fraction

by

)s = l-F{T)K. (5)

The superfluid fraction F(T)S is related to the penetration depth by

A reasonable fit to the data particularly for low temperatures is given by letting

the intensity vary as (1-t2)2 where t is T/Tc. This means that F(T)S is given by 1-t2
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or F(T)n is equal to t2. For standard BCS s-wave pairing, one expects little

temperature dependence for F(T)S at low temperatures. However, if there are

nodes in the gap or if there is gapless superconductivity, it might be expected

that F(T)n could follow a power law in T at low T. Our measurements suggest

that this is the case for (123). It could be argued that for the square pattern,

where pinning is important, that the temperature dependence could reflect

thermal depinning effects. However, the same behavior is seen for the triangular

lattice which we expect to reflect the intrinsic nature of the vortex lattice in the

presence of random pinning. We plan to make more measurements at lower

temperatures to further characterize this effect.

One of the most interesting questions about the fluxoid lattice concerns the

possibility of melting of the lattice at a temperature below the temperature

associated with the upper critical field HC2- Figure 7 shows a measurement of the

irreversibility line for the small piece rerroved from our sample. The points

show the temperatures at which the ac response starts to show nonlinear

damping for a number of fields applied in the c-axis direction. It is of great

interest to measure the behavior of the vortex lattice in the field-temperature

region of the irreversibility line. This is not easy to do since at small fields the

irreversibility line occurs very near Tc where X is small so that the scattered

neutron intensity is small. At larger fields the vortex spacing is smaller and the

scattering intensity is smaller as Q is larger. For the intensity measurement in

Fig. 6, the applied field was 8 kG so that the irreversibility line is found at 90°

which is very near Tc. We do see our intensity vanish at about 90 K as shown in

Fig. 6; however, this is not convincing evidence for melting as this temperature is

very near the HC2 line for 8 kG. If melting does take place we would expect the

intensity in the peaks in Fig. 2 to disappear and to spread out into a ring of



Neutron Measurements of the Vortex ... CE-01 Page 11 of 14

scattering. Any extra intensity in a ring would be hard to observe with the low

counting rates available at the temperatures in question.

We performed a preliminary experiment on the iomperature dependence of

the vortex lattice scattering with an applied field of 20 kG. The experiment was

done at Riso National Laboratory in Denmark in conjunction with D. Bishop,

R. Kleiman, and P. Gammel of AT&T Bell Laboratories. Figure 8 shows the

result of the measurement. The observed intensity at the peak position for the

vortex lattice appears to go to zero at about 87 K. Scattering is observed above

this temperature, but since it does not change with increasing temperature, it is

assumed to be the background scattering. 87 K is the position of the

irreversibility line which at 20 kG is well removed from the HC2 line. Since the

vortex lattice scattering disappears at the irreversibility line rather than the H&

line, it suggests that melting takes place. However, we were unable to see if extra

scattering appeared in a ring above the irreversibility line, so there is no proof

that a liquid-like state is formed. Experiments are in progress to examine the

scattering more precisely in the vicinity of the irreversibility line.

In summary, neutron small-angle scattering has provided direct information

about the vortex lattice in YBa2Cu3O7. We find that twin boundaries are the

important factor in determining shape of the vortex lattice when the field is

applied along the c-axis direction. The square pattern observed for this case is

found to have long-range orientational order but only short-range positional

order. Pinning from the twin boundaries is not important when the vortex lines

cross the boundaries at fairly large angles. We find the temperature dependence

of X is unusual at low temperatures and unlike that expected for a BCS

superconductor with standard s-wave pairing. Only very limited information is

available on the behavior of the vortex lattice near the irreversibility line. What
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evidence is available is consistent with melting at this line. Additional

experiments are planned to clarify this point.

The authors are indebted to H. R. Kerchner for establishing the irreversibility

line for our sample.

Research supported in part by the Division of Materials Sciences, U.S.

Department of Energy under contract DE-AC05-84OR21400 with Martin Marietta

Energy Systems, Inc.
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Figure Captions

1. a) shows how the vortex lattice is lined up nearly along the neutron beam by

an external magnetic field. Some of the beam then diffracts off the lattice onto

a position-sensitive detector, b) shows a triangular lattice and one of the six

sets of planes that gives the lowest order scattering. A pattern of six spots on

the area detector in c) results from scattering from the triangular lattice.

2. Pattern obtained in the position-sensitive detector for the case where the field

is applied along the c-axis direction.

3. Points obtained along a radial direction that goes through one of the four

peaks. The sample and field have been rotated so that the Bragg condition is

satisfied for the observed peak. The center of the peak is consistent with the

0.124 run"1 position expected for the square lattice.

4. Rocking curve obtained for one of the four peaks with the field applied along

the c axis. The curve does not change between 10 and 70 K.

5. Pattern obtained in the position-sensitive detector when the sample is rotated

30° from the c axis.

6. Temperature dependence of the scattering found in the peaks of the patterns

for the two field orientations. The scattering falls off more quickly than is

predicted for conventional BCS s-wave pairing.

7. The points show the position of the irreversibility line found for a small piece

cut from the sample used in the experiment. The expected position of the

upper critical field line is also shown.

8. The temperature dependence of the scattering found at the peak position for

the case of a 20 kG field applied along the c-axis direction.
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