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The structure’s of the flux-line lattice and of individual vortices on the surface of a uniaxial anisotrop-
ic superconductor 2H-NbSe, are studied for arbitrary magnetic fields using the scanning tunneling mi-
croscope. The basis vectors show a distortion consistent with bulk anisotropic London theory, however,
their angular orientation with respect to the tilt direction differs by about 30° from that predicted. Vari-
ous lattice-buckling instabilities are observed when the field is inclined more than 80° away from the ¢
axis. The star-shaped structure of the core distorts into a spiky comet shape as the field is tilted into the
plane. If the field is along the surface (perpendicular to the c axis), evenly spaced parallel streaks reveal

the subsurface vortex spacing.

INTRODUCTION

The structure of the flux-line lattice in anisotropic su-
perconductors has long been the subject of experimental
and theoretical study. The source of the flux lattice an-
isotropy is an anisotropic Fermi surface, which can be
characterized by an effective-mass tensor. That this can
deform the flux-line lattice was established theoretical-
ly"? and experimentally® for modestly anisotropic Tech-
nitium (mass ratio m./m,~0.7) in early neutron-
scattering experiments. The much larger mass ratios (55
for Y-Ba-Cu-O and 3600 for Bi-Sr-Ca-Cu-O) of the oxide
high-T, superconductors sparked renewed theoretical
and experimental interest in the flux-line lattice structure.
Oval vortices and highly anisotropic flux lattices were
seen in Y-Ba-Cu-O by Bitter decoration® experiments. At
low fields vortex chains have recently been proposed® and
observed in Bi-Sr-Ca-Cu-O (Ref. 6) and Y-Ba-Cu-0.” A
complex combination of hexagonal lattice and vortex
chains is observed in the more anisotropic Bi-Sr-Ca-Cu-
O, with Bitter decoration experiments. For higher fields
(H.,<H <H_,) applied at arbitrary angle to the anisot-
ropy axis, further detailed predictions regarding the dis-
tortion and angular order have been made on the basis of
anisotropic London theory® and anisotropic Landau-
Ginzberg theory.® With the exception of a few neutron-
scattering measurements>!®!! there has been no sys-
tematic effort to explore this regime under a variety of
fields strengths and field directions on moderately aniso-
tropic superconductors, and test the conditions under
which the theories are valid.

In this article we summarize comprehensive measure-
ments of the flux-line lattice structure and vortex core
structure in uniaxial anisotropic superconductors when
the magnetic field is inclined with respect to the ¢ axis of
the sample. Part of these results were reported earlier.'?
We also compare with recent neutron-scattering!® and
decoration experiments'* on the same compound. We
study the conventional anisotropic layered superconduc-
tor 2H-NbSe,. It has a transition temperature T, of 7.2
K, a mass ratio®® m,/m,~ 11, and an in-plane penetra-
tion depth A of 0.2 um,'® and is considered a clean super-
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conductor. The very low critical current of J,~30
A/cm? of this material insures the minimal role of pin-
ning in describing the lattice structures. We will focus on
the flux-line lattice that forms at intermediate fields,
when its lattice spacing in the ab plane, a, is comparable
to or smaller than the magnetic penetration depth A. Im-
ages of the vortex core shape in inclined fields are also
presented and compared to previous measurements'’
when the field was normal. We find (1) a lattice distor-
tion by an amount that is quantitatively predicted by an-
isotropic Landau-Ginzberg theory when ay,/A<1; (2) a
lattice that appears less stretched and more isotropic if
ag/A~1; (3) an angular orientation of the lattice that is
at odds with the same theory at all angles and field
strength; (4) at higher angles, a lattice buckling at various
periods showing mostly 2X1, and sometimes 3X1 or
even 4X 1 superlattice unit cells; (5) a distortion of the
structure of the vortex core, which transforms from a
symmetric star shape with perpendicular field to a spiky
comet shape at inclined magnetic fields; and (6) an obser-
vation of evenly spaced streaks for fields parallel to the
surface that may reflect a yet more dense subsurface vor-
tex spacing.

EXPERIMENTAL DETAILS AND STM DATA

The magnetic fields were applied by a three-axis super-
conducting magnet. The direction of the applied magnet-
ic field is indicated in the schematic of the sample
geometry in Fig. 1. The applied field of magnitude H,, is
inclined away from the c axis by an angle 6. The in-plane
component of the magnetic field is oriented at an angle ¢
away from one of the I'M crystalline directions. The I'M
direction corresponds also to the charge density wave-
vector direction of this compound and is rotated 30° from
the crystalline a axis. About 100 different field
configurations were explored at four different field magni-
tudes [H,=0.5,1.0,2.25,5.0 kG, where the hexagonal
Abrikosov Lattice spacing a,=(2®,/v'3B)!”? would be
1.1A, 0.77A, 0.52A, and 0.35A], at ten different values of
6, and at two different planar projections ¢=7° and
—21°. A second sequence at 5.0-kG field focuses on the
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FIG. 1. Schematic detail of the direction of the magnetic
field, the crystalline orientation, the scanned surface and the
plane of the vortex basis vectors.

shallow tilt (6=78°-90°) behavior at ¢=1° and —29°.
The sample was heated above T, and field cooled for each
new magnetic-field configuration.

The NbSe, is cleaved in air and has dimensions of
roughly 0.3 cmX0.3 cm X 50 ym. It is mounted on the
scanning tunneling microscope (STM) which has a Ptlr
tip, and cooled in vacuum to 0.2 K by a dilution refri-
gerator. Most lattice measurements were performed at a
tunneling current of up to 10 pA with a tip-sample bias
dc voltage of 1.3 mV. This value is just above the energy
gap for 2H-NbSe, and is the point of maximum
differential conductance in the spectra. Near the core
this conductance is 40% lower.!” For reference a dI /dV
spectra of the superconducting region is shown in the in-
set of Fig. 2 with the arrow indicating the measured
differential conductance. This differential conductance is
monitored by applying an additional small ac voltage
~0.1 mV (for lattice images) between the tip and sample
and monitoring the ac current response with a lock-in
amplifier. The magnitude of the conductance is recorded
while scanning the tip in a raster pattern over a 1.4
pmX1.4 pm or a 2.1 umX2.1 um area on the surface.
A grey scale image then shows the superconducting re-
gions with an enhanced conductance as white and the
cores with a lower conductance as dark.!”

The resulting conductance images are collected in Fig.
2. The same physical area on the sample was used in all
of the images. The direction of the in-plane field projec-
tion and I'M, determined from the atomic scale lattice
images, are indicated. A simple hexagonal Abrikosov lat-
tice is observed when 6 ~0° and the field is normal to the
surface. We always observe the same angular orientation
of this flux lattice since it is locked to the underlying
crystalline lattice. Higher magnification STM images of
the atomic lattice show the direction of I'M and indicate
that the crystalline a direction (the atomic lattice a direc-
tion is 30° from I"'M) is identical to the nearest-neighbor
vortex direction.!”

One can see in Fig. 2, that the vortex lattice on the sur-
face of the sample gradually stretches in the direction of
the field inclination, as the field direction is rotated away
from normal to the sample: the larger the tilt, the greater
the stretching. In addition to this stretching there is also
a dilation in the other perpendicular direction, as well as
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a twisting of the angular orientation of the lattice to-
wards the applied field direction.

ANALYSIS OF THE BASIS VECTORS

In order to evaluate the stretching and twisting of the
flux-line lattice quantitatively, we extract the basis vec-
tors from the STM images. Several steps are involved.
First, the location 7; of the ith vortex is determined by
fitting the conductance depressions to Gaussians of revo-
lution and evaluating their centers. For the 256X256
pixel’ images each vortex can be determined to 0.5 pixel
accuracy. To determine a particular nearest-neighbor
vector, we simply plot all of the vectors connecting the
neighbors (r; —r;) or the pair-correlation function of the
vortices. Figure 3 shows such reduced data for B =2.25
kG and ¢=7°. The six nearest-neighbor vectors from six
clouds of points, labeled by I, that are spaced by about
60° if the field is normal to the surface. The center of
each cloud defines the averaged basis vectors rj™:

ri"=(1/N) ¥ (r;—r1;),

where N is the number of points and the sum is over all
pairs-of points in the image.

Several small corrections must be made to these basis
vectors to better evaluate the actual flux-line lattice vec-
tors: (1) The residual linear x,y spatial distortions of the
microscope are determined by comparing the six
nearest-neighbor vectors, when the field is normal, with
an ideal hexagonal arrangement. Any deviation of these
six data vectors from the ideal hexagonal arrangement is
used to determine the residual linear x,y spatial distor-
tions of the microscope. With these 5% corrections we
determine vortex positions to about 1% accuracy for oth-
er arbitrary field orientations. (2) Another correction is
to account for any misalignment of the direction of the
sample ¢ axis 6, with the magnet z axis 68y. This is done
to a 0.2° accuracy simply by checking the vortex density.
The number of vortices per area should scale as
H,=H cos(0;—0,) at the highest fields (5 kG), where
demagnetization factors and anisotropy corrections are
negligible. If we require the density to scale with H, then
the misalignment angle is evaluated at 6,=—1.1°+0.2°
for both ¢=7° and ¢=—21°. The tilt angle of the ap-
plied field with respect to the c axis is then defined to be
the applied angle 6, =604—6,. (While this correction
may seem small it will have important consequences in
determining effective mass and is the direct reason why
the evaluated effective mass is about 20% larger in this
article compared to our previous article!? where this
correction was neglected.)

The average position of each of the six clouds of
nearest-neighbor points is evaluated, then corrected for
the instrumental distortions and labeled with the proper
tilt angle. Those vectors are then rotated by 15.6° so that
I"'M, is horizontal, normalized by a,, and replotted in the
upper sections labeled surface frame in Fig. 4 for ¢=7°
and Fig. 5 for ¢=—21°. The four parts of these figures
labeled a, b, ¢, and d correspond to the four applied fields.
In the surface frame the six basis vectors lie equally
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spaced on a circle for normal fields, and on an ellipse that Instead of analyzing the data in these corrected surface
has a semimajor axis that aligns with the in-plane field coordinates, x and y, we make another transformation to
projection at finite tilt. The sequence of different symbols  the vortex lattice coordinates x’ and y’ with z'||B, to sim-
in each figure show the evolution of the basis vectors for  plify the connection with theory. In Figs. 4 and 5, these
different magnetic field tilt angles. are the bottom subplots labeled “vortex frame.” Figure 1

B(gauss)

Conductance

-4-20 2 4
Voltage (mV)

84.1 86.1

FIG. 2. Raw STM data showing on a grey scale the differential conductance dI/dV (x,y)|, at a dc voltage of 1.3 mV, just above
the superconducting gap. (Zero-field spectrum is indicated in the inset.) The dark spots correspond to vortices where the differential
conductance is reduced. Tilt angles, directions, and field magnitude are indicated.
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shows its relationship to the surface frame. At high fields
this transformation is very well approximated to <O0.1°
accuracy by a cosf, multiplication of the vector com-
ponents along the B, direction. At lower fields ~500 G
the direction of induction B can deviate from the direc-
tion of the applied field H, by up to 1°. This is a conse-

5000

2250

B(gauss)
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quence of mass anisotropy and can be estimated for a slab
geometry'® (demagnetization factor of 1):

B, sin(0) =0 )

tan(6)—tan(0a )+ o Vit eoosd)

where

2250

B(gauss)

1000
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/
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FIG. 2. (Continued).
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We use this correction with e=m_/m, —1=10 in replot-
ting the basis vectors in lattice coordinates. The labels 6,
however still refers to the angle between ¢ and the applied
field H,, while 0 is the angle between ¢ and the induction
B.

FLUX LATTICE DISTORTION

Real-space correlation length

A quantitative measure of the perfection of the flux lat-
tice is given by the radial correlation length £. This is an-
alyzed for the perpendicular fields (6=1.1°) at the four
magnetic fields. Typically we find that our ability to mea-
sure it is limited by the finite number of vortices in the
scan area. This is the case for the 500- and 1000-G data,
where the respective lower bounds of 3a, and 5a, can be
placed on . Better bounds can be placed with the higher
field conditions, of 2250 and 5000 G. The 5000-G data is
shown in real space, Fig. 6 (left), along with the associat-
ed radial correlation function g (r) plotted as a solid line
in Fig. 6 (right), and the fit with £=19a,%2a, plotted as
a dotted line. Again, this correlation length is a lower
bound limited by the image size. For the 2250-G data we
find the correlation length is not resolution limited by the
finite image size, but rather is determined by the oc-
casional line dislocation that sometimes appears in our
images. Two such dislocations in the 2250-G data reduce
its length to 5a,. This suggests that for zero or small tilt
angles the flux lattice correlation length is limited mainly
by the line dislocation density.

Ellipse formation

Now that the lattice basis vectors have been deter-
mined in the vortex frame, the flux lattice distortion can
be measured. This is accomplished by fitting the six basis

FIG. 3. A real-space plot showing the loca-
tions and distributions of the nearest-neighbor
vortex basis vectors 7;;, for six of the images of
Fig. 2. In each image of the six clouds of
points are each averaged to obtain the
representative basis vectors.

vectors (transformed to the vortex frame) to an ellipse.
For normal fields =0 the vectors all lie on a circle. If
the material were isotropic and surface effects are as-
sumed unimportant, this circular pattern should persist
independent of field angle in the vortex frame. Instead
we find the basis vectors lie on an ellipse where the sem-
iminor axis of radius y is aligned with the c-axis projec-
tion, in agreement with simple bulk London® or Landau-
Ginzberg’® theories. This alignment between the fitted el-
lipse axis and the c-axis projection is accurate to within
experimental error for all angles and applied field magni-
tudes. This ranges from +10% at 26°, worst case, to
+1% at 80°, best case. The circles and ellipses for
6,=1.1° and 6,=71.1° data are plotted in Figs. 4 and 5
as a guide.

The angle dependence of the ellipse fitting parameter
(semimajor radius 1/7) is collected in Figs. 7 and 8 for
the two in-plane projections ¢=7° and —21°. It is plot-
ted vs the angle 8 between the ¢ axis and the induction
which is slightly different from 8, used earlier. We see
that 1/y increases smoothly with tilt angle. The bulk
London® or Landau-Ginzberg® theories predict the sem-
iminor axis length as a function of tilt angle to be

1/4

cos'’2(9) . (3)

ma
1+ —tan%(6)

y(0)=
m

c

The solid dashed and dotted lines show the angle
dependence of y for Eq. (3) with the indicated mass ra-
tios. A one parameter fit gives a value of m_/m, that ap-
proaches 11 at the highest fields of 5 kG. This is con-
sistent with independent measurements'> of m, /m, ~11
by H,, anisotropy. From this we conclude good agree-
ment with simple anisotropic London or Landau-
Ginzberg theories at 5.0 kG where a,/A~0.3. Very re-
cently small-angle neutron-scattering measurements'® at
8 kG on 2H-NbSe, have shown the same behavior with a
fitted mass ratio of 10.1+0.9. Since the STM reveals the
surface vortex positions and neutron-scattering probes
the bulk, the agreement shows that there is no significant
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FIG. 4. Vortex basis vectors normalized to a, as observed in the surface frame (top) and transformed to the vortex frame (bottom)
at different field magnitudes at angles indicated by symbols in the lower left of each subfigure. The averaged basis vectors, large sym-
bols, lie on an ellipse (6=1.1° and 6=71.1° are shown), which becomes increasingly elongated with larger g. At the highest angles
(81.1° and 84.1°) the buckling instability results in a more complex unit cell. Here smaller symbols show a pair of vortex basis vectors
shifted to the left and right of the average basis vector. This is for the ¢="7" field projection.
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FIG. 5. Same as Fig. 4 except the ¢= —21° projection is presented.
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FIG. 6. Two-dimensional
real-space correlation function
at 5000 G and 6=1.1° and its
corresponding radial correlation
function.
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FIG. 7. Normalized semimajor axis length 1/y that de-
scribes the lattice distortion in the vortex frames of the data
shown in Fig. 2. The lines indicate predictions of anisotropic
London theory for various mass ratios as indicated. Lower
fields systematically show a more “isotropic” behavior with
lower fitted values for the mass ratio, with the best fit depicted
by the dashed lines. Here the ¢ =7° field projection correspond-
ing to Fig. 4 is shown.
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FIG. 8. Same as Fig. 7 except the ¢=—21° projection is
presented.
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rearrangement of the vortices as they approach the sur-
face at these high fields.

At lower fields there are field-dependent corrections to
1/y. If this data is also compared with Eq. (3), the best
fit requires a smaller value of m_./m, (Fig. 9). Also,
decoration experiments'* at much lower fields ao/A~3
show a simple cos(6) dependence on the surface frame
which would be consistent with an inferred mass ratio of
1. This trend of smaller ellipticity at smaller fields agrees
with a more “isotropic” deduced mass ratios at low fields.
The deviation from bulk theories may arise from two pos-
sible reasons: the a,/A <<1 approximation is no longer
valid and higher-order terms of a, /A must be included in
the expansion modifying the form of Eq. (3); or compet-
ing surface monopole interactions!® at the ends of the flux
lines may begin to dominate the bulk behavior. This in-
teraction would be relatively stronger at lower fields and
would also encourage a more isotropic behavior.

ANGLE OF BASIS VECTORS ON THE ELLIPSE

The angular orientation of the vortices on the ellipse
can also be compared to theory. Here there is clear
disagreement between experiment and the predicted
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FIG. 9. Distortion in the vortex frame extrapolated to 90° vs
B for the data in Figs. 5 and 6.
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lowest free-energy lattice orientation. As the tilt angle
increases we see two of the vortex basis vectors align with
the semimajor axis, in the vortex frame, perpendicular to
the tilt direction. This is at odds with both the Landau-
Ginzberg9 and London® model theory, where a fourth-
order term in the free-energy expansion predicts an align-
ment along the semiminor axis (parallel to the tilt direc-
tion), commonly referred to as vortex chains. The 30° de-
viation from prediction has also been confirmed in two
other recent experiments on 2H-NbSe,: neutron scatter-
ing!® (at @=0°), which confirms agreement with bulk
behavior and Bitter decoration,'* which extends this ob-
servation to much lower fields and is also probing the sur-
face. One might suspect that the in-plane crystalline an-
isotropy may play a role and prevent vortex chain forma-
tion, since it certainly defines the orientation for normal
fields. We test this by tilting in two different planar
directions ¢=7° and —21°, where the effect of crystalline
anisotropy should be quite different. We find that, both
cases show the same limiting behavior as the field is in-
clined toward the plane. One might also ask, is there par-
tial locking to the crystal lattice? In other words, do any
of the basis vectors remain at 30° to the six I'M direc-
tions? This might be the case for ¢ =7° where four of the
six basis vectors at 12, 2, 6, and 8 o’clock roughly retain
the same angle (see Fig. 2 surface frame). This may not
be so surprising since the ¢ =0° tilt projection is the ener-
getically favored projection where the in-plane atomic
crystalline induced flux basis angles are in about the same
direction as that induced by the out-of-plane anisotropy
from the tilted magnetic field.

The same cannot be said of the ¢ = —21° data where all
of the basis vectors rotate clockwise as the tilt angle in-
creases. For example two of the basis vectors rotate to-
ward the preferred semimajor axis direction of the ellipse
in the vortex frame. In the most frustrated case at
@=30° the rotation could turn in either a clockwise or
counterclockwise direction to reduce energy. How quick-
ly this reorientation takes place as a function of angle can
best be seen in Fig. 5(d) (vortex frame), where a solid line
highlights the trajectory of one of the basis vectors as it
swings out to align itself with the ellipse semimajor axis
as 0 increases. This appears to take place gradually and
continuously between 6=0° and 70° with no significant
differences observed at lower field magnitudes. At the
considerably lower fields of decoration experiments,'*
vortices can be so far apart that the flux lattice basis vec-
tors no longer lock to the atomic crystalline lattice for
6=0°. Then the field tilting results in a similar gradual
realignment of the basis vectors along specific tilt deter-
mined directions as angular order is induced. Therefore,
the crystalline in-plane anisotropy does not appear to be
the reason why the observed orientation of the real flux-
line lattice differs from the model predictions.

Finally, is it fair to compare the data with the Landau-
Ginzberg limit? After all, the data set was field cooled to
0.2 K where T /T, ~0, while the Landau-Ginzberg model
should be good only close to T,.. A study of a 70° inclined
lattice was performed at different temperatures to address
this question. For ¢=5%at 7'=0.1, 5, 5.5, and 6 K, there
was no discernible change in the vortex locations. At
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higher temperatures contrast is lost and it becomes
difficult to identify the vortex location. The lack of tem-
perature sensitivity suggests that the low-temperature
data accurately describes all basis vectors up to about
0.9T,.

LARGE TILT ANGLE BEHAVIOR

At tilt angles larger than 78° away from the ¢ axis the
configuration of the flux-line lattice becomes more com-
plicated. In the STM data (Fig. 2) one observes that orig-
inally straight rows of vortices at 77.1° (aligned perpen-
dicular to the tilt direction) become buckled with varying
periodicities at larger angles. At ¢=7°, B =2.25 kG for
instance, one sees a progression from straight rows at
77.1° to a 3X1 reconstruction at 81.1° to a 2X1 recon-
struction at 84.1°. These new basis vectors are also
shown with somewhat smaller symbols (squares and stars)
in Fig. 4 surrounding the larger symbol of their weighted
average.

A sequence of STM data that explores this progression
in more detail is shown in Fig. 10 at B =5.00 kG at
@=1.5° and 28.5°. These vortex images have already
been corrected for the STM distortions and rotated so
that two of the I'M directions are essentially horizontal.
Deviations from straight rows of vortices begin at tilt an-
gles greater than 80° for both the ¢=1.5° and 28.5° data.
The amplitude of the wiggles, which form mostly a 2X1
pattern, increases smoothly as the field is tilted further
into the plane. Shear or long-wavelength transverse dis-
tortions at k =0 can be identified when the rows of vor-
tices are no longer aligned normal to the Bc plane. The
same data is shown as a real-space correlation function in
surface coordinates in the adjacent columns. Here we ob-
serve the well-defined spot of the nearest-neighbor vector
along the rows at 78.3° broadens into an arc at 80.3°. By
82.3° this arc extends further and begins to lose amplitude
in the center, so that by 84.3° it splits into two arcs. The
other nearest-neighbor vectors generally also experience
some elongation in their distribution, although sometimes
one pair can remain well defined, e.g., 80.3° and 81.3° at
@=1.5". Finally disorder becomes most pronounced at
the highest tilt angles. The data of Fig. 2 also shows that
the threshold for these instabilities occurs at slightly
smaller tilt angles (by a few degrees) for lower magnetic
field.

Currently, the buckling at higher tilt angles has not
been explored by other experiments in 2H-NbSe, and an
open question remains whether this is purely a surface
phenomenon or is also manifested in the bulk. Recently,
several theories?® 2> have addressed this issue of higher-
order lattice structures in bulk vortex lattices mostly for
the more highly anisotropic high-T, superconductors.
Yet so far, a quantitative prediction for the mass ratio,
fields, and angles of this sample has not been made. It is
tempting to speculate that the buckling and other associ-
ated reconstruction is driven by the monopole interac-
tions of the vortex ends as they penetrate the surface.
Indeed the repulsive monopolar interactions, which
should be isotropic on the surface, could create an
enhanced surface energy for the straight rows that are
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observed at 79°. The repulsive force between vortices in
each row could be relieved if the spacing of vortices in a
row were allowed to increase such as by some buckling
distortion. The amplitude of buckling would be limited

1.65 g Positional 1.65 p  Positional

Angle $=230" data Correlation §=—T1" data Correlation

.

4’1"‘*"40*1‘##

78.3

79.3

s

{j

;"a‘f”c.g'gg s a0

80.3

-
-
-
»
-
-
-
i -
-
-
-
-
-

FIG. 10. STM data showing vortex lattice at shallow tilt an-
gles for two different in-plane projections ¢=—28.5° and
@=1.5". The two adjacent columns show the positional correla-
tion functions of the same data. The line going through the
center of these images indicates the direction of the field pro-
jected on the surface and its length defines a distance of 0.3 um.
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by the restoring force of bending the vortices close to the
surface.

INCLINED VORTEX CORE SHAPE

There have been suggestions that the vortex lattice
structure can be strongly influenced by the shape of the
vortex core, such as elliptical cores created by anisotropic
coherence lengths. The shape of the core itself can also
reflect variations of the superconductivity across the Fer-
mi surface. Furthermore, the structure of an inclined
vortex at the surface has never been probed. The STM is
the ideal tool to probe this and has been effective previ-
ously!’ for imaging perpendicular vortices in 2H-NbSe,.
Conductance images of dI /dV (x,y)|,, with a tip sample
voltage of ¥ were taken at 100 mK with an ac dither volt-
age of 30 uV. They show directly the spatial shape of the
vortex core wave functions with an energy of eV. If eV'is
less than A, then the imaged states are bound in the po-
tential well formed by a spatially varying gap that col-
lapses on the axis of the flux line. These states can be de-
scribed by solutions of the Bogoliubov equations®*~2° or
Eilenberger equations.”’ The lowest-energy bound states
are imaged at ¥ =0 at the Fermi energy. If the field is
normal to the surface the vortex states exhibit a star
shape, Fig. 11(a). The size scale of this core state should
be set by a radial decay length of order the superconduct-
ing coherence length £. The six rays of the star can be in-
terpreted as directions in which the gap does not recover
away from the core (in other words the coherence length
diverges). This is caused by local Fermi surface
anomalies in those directions, specifically the charge-
density wave (CDW) gap, which coexists with the super-
conducting gap. Double subgap structures of the energy
spectrum near the core indicate that two parts of the Fer-
mi surface contribute:!” one which is in-plane angle in-
dependent and one which has six rays forming angle-
dependent divergences in the plane (from the CDW gap).
The two parts might be distinguished by different height,
k,, on the Fermi surface.

For tilted fields at 6=280°, Fig. 11(b), a rather different
cometlike structure is observed. The rays to the left side
have been suppressed and those to the right, where the
flux line penetrates horizontally beneath the surface at
@=1.5° remain. To describe this shape may require more
than assuming the vortex penetrates the surface at an an-
gle, in addition there is also a uniform surface current
sheath flowing vertically. The total local current from
the sheath and the vortex superimpose and tend to add
on the right side and cancel on the left. This would
suppress superconductivity preferentially on the left.
Figure 10(c) shows the energy evolution of a vortex core
state tilted at 6=70° and ¢=28.5° at the indicated ener-
gies. Here one observes seven rays with the ones on the
left being suppressed. The new separate seventh ray is
visible on the surface above the buried flux line and radi-
ates to the right, halfway between a pair of the original
six rays.

In Fig. 12 the complete energy evolution of a 6=0°,
70°, and 80° vortex at ¢=28.5° is presented. At 6=0"° the
energy evolution of each star is described by each of the
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FIG. 11. Vortex core conductance images at the Fermi level eV =0 at 250 G over a 0.16-um-sized box for (a) and (c). (a) 6=0° ap-
plied field, (b) 6=80° at ¢ =7° over a 0.15-um-sized box, (c) 6=70" at p= —28.5°, (d) 6=90° at p=—28.5°, and B =1000 G imaging
the scattering states at 1.0 meV over a 1.65-um-sized region showing evenly spaced stripes observed when the field is applied parallel

to the surface.

six rays splitting into a pair of parallel lines, where the
spacing between the pair scales monotonically with ener-
gy. This gives a rather intricate evolution?® of the flux
lattice images. A perturbative solution” to the
Bogoliubov-de Gennes equations gave some insight into
these various patterns, but many of the striking details,
such as the split rays, need a more complete theory. For
tilted vortices the same trends are visible except one must
include the seventh ray. This feature broadens and
intensifies with higher energies and develops into a side-
ways V shape. The opening angle of the V increases with
energy and evolves into the sideways U core structure at
the highest energies that approach A,. The physical ori-
gin and significance of this seventh ray and its splitting
into a V is not understood.

Related structure is also visible in the scattering states,
in other words, images that have been made at eV > A, at
V=1.1 mV. The data taken at the shallowest angles in
Figs. 2, 10, and 11 tend to show streaks oriented along
the field direction and often terminating in a vortex. This
data also shows a dependence of the core shape on the
in-plane angle, ¢. For ¢=28.5° double cometlike tails
are associated with each core. This contrasts with the
behavior at ¢=1.5° where triplet tails are observed. If
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the field is turned very close to 6=90° the number of vor-
tices drops and mainly long streaks or depressions in the
conductance are visible in Fig. 11(d). Different
magnetic-field images show that the streak separation
scales with 1.55 a, and may reflect the spacing of subsur-
face vortices. If we assume the vortex rows remain
aligned normal to the Bc plane, then the spacing normal-
ized by a, should be a measure of 1/y at 6=90°. This
value (1/y =1.55) is significantly lower than the extrapo-
lated values of 1/y plotted in Fig. 9 at 6=90°. If the
lines reflect the subsurface vortex spacing, the cause of
the reduced separation may be the surface boundary con-
dition. Vortices close to and parallel to the surface in-
teract not only with other vortices further into the bulk,
but also with the surface current sheath and opposite po-
larity image vortices above the surface. This could pro-
duce a vortex configuration or a density different from
that assumed in the bulk. At 90° neutron-scattering
confirms a lattice consistent with the elliptical distortion
of the anisotropic mass theories, despite some broadening
of the diffraction spots.'> This suggests that surface and
bulk lattices may be different in the 90° case or possibly
that the lines are not a good indicator of surface vortex
spacing.

0.70 meV

0.80 meV

0.50 meV 0.60 meV

Angle

FIG. 12. Grey scale image of the conductance pattern dI /dV (x,y)|, for an inclined vortex at 6=0°, 70°, and 80° measured with
different tip-sample dc voltages, showing the shape and size of the vortex core states of different energy.
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Incidently Fig. 11(d) reveals also a hint of vortex
motion. the vortex core in the lower center appears mul-
tiple times as a cut off round spot. Since the raster scan
proceeds from bottom to top over the course of 2 h, it
suggests that this vortex has moved up and to the left
along the tilt direction discontinuously twice during the
scan. Motion of the vortex surface penetration point
along the field inclination direction (parallel to the lines)
appears much less constrained by other vortices than la-
teral motion.

CONCLUSIONS

We summarize the results on flux-line lattice structure
in 2H-NbSe, with a phase diagram, Fig. 13. The shaded
region indicates the range over which the data was taken.
This range bridges the recent low-field decoration data'*
between 10 and 100 G and the higher-field neutron-
scattering data!® taken at 8000 G. For normal fields of
30-8000 G, the flux-line lattice is observed to lock orien-
tationally to the atomic lattice. At moderate tilt angles
the vortex basis vectors lie on an ellipse whose orienta-
tion is set by the direction of the field inclination. The el-
lipticity is set by the mass ratio and described by the Lon-
don model at high fields ~5 kG and behaves more iso-
tropically [i.e., surface normalized semimajor axis is
given by 1/cos(0)] at low fields ~10 G. Contour lines of
constant distortion fitted to the observed values of both
the STM and neutron data show this trend from aniso-
tropic to isotropic behavior as the field is reduced and
ay/A becomes unity or larger. The position of the vec-
tors on this ellipse sweeps continuously away from the
in-plane crystal locked position to one locked onto the
axis of the tilt rotation as 0 increases toward 80°. The
same orientation of the basis vectors is observed in all
2H-NbSe, experiments for large tilt angles in both high-
and low-field magnitudes and is at odds with bulk aniso-
tropic theories. Beyond 80° inclination, shear and buck-
ling instabilities are observed that are higher-order recon-
structions initially, such as 3X1, and then tend to be
dominated by 2X 1 patterns as the tilt angle is increased.
The amplitude of these wiggles also increases with tilt,
until positional order of the surface penetrating vortices
is lost close to 90°. At 90° evenly spaced parallel strips on
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FIG. 13. B-6 phase diagram summarizing the contours of
constant elliptical distortion and demarking the regions of
different flux structures. The shaded region indicates the range
over which the STM data was collected.

the surface may give a new side view of the subsurface
vortex order.

While some of the predictions of anisotropic theories
are confirmed with these measurements in 2H-NbSe,,
other predictions, specifically those associated with angu-
lar orientation of the flux lines, need to be investigated.
Possibly a more detailed description of the Fermi surface
than the effective-mass approximation might be required
for a full understanding. Clues of the relevance of the
Fermi surface are already present in the unusual shape of
the vortex core wave functions, their spectra, and their
seventh ray for tilted conditions. The details of the vor-
tex shape may be the key to a better characterization of
the Fermi surface than the effective-mass approximation.
The input of a more accurate Fermi surface into these
lattice models may in turn be crucial, to resolving open
issues in the flux lattice order.
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FIG. 1. Schematic detail of the direction of the magnetic
field, the crystalline orientation, the scanned surface and the
plane of the vortex basis vectors.
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FIG. 10. STM data showing vortex lattice at shallow tilt an-
gles for two different in-plane projections ¢=—28.5° and
@=1.5". The two adjacent columns show the positional correla-
tion functions of the same data. The line going through the
center of these images indicates the direction of the field pro-
jected on the surface and its length defines a distance of 0.3 pm.
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FIG. 11. Vortex core conductance images at the Fermi level e}’ =0 at 250 G over a 0.16-um-sized box for (a) and (c). (a) 8=0° ap-
plied field, (b) 6=280" at ¢=7° over a 0.15-um-sized box, (c) 8=70" at ¢=—28.5°, (d) 6=90" at ¢ = —28.5°, and B =1000 G imaging
the scattering states at 1.0 meV over a 1.65-um-sized region showing evenly spaced stripes observed when the field is applied parallel
to the surface.
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FIG. 12. Grey scale image of the conductance pattern dI /d¥ (x,y)|, for an inclined vortex at §=0°, 70°, and 80° measured with
different tip-sample dc voltages, showing the shape and size of the vortex core states of different energy.
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FIG. 13. B-6 phase diagram summarizing the contours of
constant elliptical distortion and demarking the regions of
different flux structures. The shaded region indicates the range
over which the STM data was collected.
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FIG. 2. Raw STM data showing on a grey scale the differential conductance dI /d¥ (x,)|, at a dc voltage of 1.3 mV, just above
the superconducting gap. (Zero-field spectrum is indicated in the inset.) The dark spots correspond to vortices where the differential
conductance is reduced. Tilt angles, directions, and field magnitude are indicated.
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