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Morphology of the Superconducting Vortex Lattice in Ultrapure Niobium
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The morphology of the superconducting flux line lattice (FLL) of Nb comprises gradual variations with
various lock-in transitions and symmetry breaking rotations. We report a comprehensive small-angle
neutron scattering study of the FLL in an ultrapure single crystal of Nb as a function of the orientation of
the applied magnetic field. We attribute the general morphology of the FLL and its orientation to three
dominant mechanisms; first, nonlocal contributions, second, the transition between open and closed Fermi
surface sheets and, third, the intermediate mixed state between the Meissner and the Shubnikov phase.
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In the conventional Ginzburg-Landau theory of super-
conductivity the formation of a flux line lattice (FLL)—the
so-called Shubnikov phase—is the result of repulsive flux
line interactions, where the coherence length is a local
property of the superconducting state. Numerous experi-
mental studies have shown [1-3] that the FLL depends
sensitively on the microscopic nature, symmetries and
number of superconducting gaps, as well as the general
topology of the Fermi surface and the effects of impurities.
This raises the question of how to generalize the descrip-
tion of FLLs and makes studies of conventional super-
conductors of general interest.

The superconductivity in Nb is ideally suited to provide
such general information [4,5]. The properties of Nb are
characteristic of a single gap [6,7], avoiding the complex-
ities of multigap systems [1,8,9]. The low value of the
Ginzburg-Landau parameter, k =~ 0.8, places Nb at the
immediate border between type 1 and type 2 superconduc-
tivity. This implies that the lower critical field woH, (T —
0) = 120 mT is high and the intermediate mixed state
(IMS) between the Meissner and the Shubnikov phase is
extended, thus making the IMS and the underlying change
from attractive to repulsive vortex interactions experimen-
tally accessible [10]. Moreover, the large coherence length
of Nb implies that the Fermi surface topology and thus
nonlocal effects are important.

For magnetic field H parallel to a crystallographic (111)
direction the FLL in Nb exhibits a hexagonal symmetry. In
contrast, for H || (100), a rich phase diagram unfolds as
shown in Fig. 1(a), which prior to our study was understood
as follows: A twofold isosceles phase and three distinct
FLL phases are observed in the vicinity of 7. and at low
temperatures, respectively [4,5,11]. For increasing H at
low-T these are at first a square phase (low field square),
a scalene phase at intermediate fields and a square phase
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near H_, (high-field square). Based on the magnetic field
dependence for (100) it had been speculated that the low-
field-square may be related to the IMS [4]. It had further
been established that the three low-7 phases are tilted with
respect to the fourfold symmetry of the underlying crystal
structure into a low symmetry direction, thus additionally
breaking the crystal mirror symmetry. The twofold isosce-
les phase in comparison breaks crystal rotational symmetry
but still obeys mirror symmetry. It had finally also been
established that the FLL symmetries change and the tilting
vanishes when rotating the magnetic field away from (100)
until the equilateral FLL is recovered for (111).

However, in these studies the precise evolution of the
FLL morphology as a function of field orientation, neces-
sary to identify the nature of the morphology and tilting,
remained open. This originated in incomplete data sets
and, more importantly, in the purity of the samples studied
so far, which still displayed distinct pinning effects despite
their residual resistivity ratios RRR = 1000. In this Letter
we report a systematic study of the FLL symmetries using
small-angle neutron scattering (SANS). To resolve the
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FIG. 1. (a) Schematic flux lattice (in reciprocal space) phase
diagram for a niobium sample with a finite demagnetizing factor
with the magnetic field applied along a fourfold (100) axis,
where 7 = 0° denotes the angle between the applied magnetic
field and the (100) axis in a (011) plane. (b) Phase diagram for
n = 25°. See text for further details.
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open issues we have studied an ultrapure single crystal of
unprecedented purity with RRR = 10%, which displays
essentially no pinning.

Our study identifies the low-field-square as a property of
the IMS. The remaining FLL phases may be viewed as
driven by a gradual evolution from an equilateral FLL at
high temperature and low field to a square FLL at low
temperature and high field [cf. Fig. 1(b)], with a lock-in
transition below a magic angle near (100), where the
locked phases are also tilted. The scalene FLL thereby
appears in transitional regions of high frustration. Our
experimental results show strong analogies with an evolu-
tion of nonlocal corrections in an Eilenberger [12] treat-
ment of a Fermi surface with fourfold symmetry [13] for
high-« superconductors. The magic angle of the transition
to tilting corresponds remarkably well to a change between
open and closed Fermi surface sheets, empirically long
suspected to affect the superconductivity [14].

For our studies, a cylindrical Nb single crystal with a
length of 20 mm and a diameter of 4.5 mm was cut from a
rod that had been produced at the ZFW Dresden [15] more
than 30 years ago. The preparation process consisted of
purification by liquid-liquid extraction combined with
chlorination and thermal decomposition of NbCl; followed
by electron beam floating zone melting, decarburization in
oxygen atmosphere and annealing in UHV [14,16]. The
impurity content was estimated to be less than 1 ppm for
interstitial and better than 2 ppm for substitutional impu-
rities. The sample was again rf-annealed in UHV above
2000° C at the University of Birmingham for one week to
remove interstitials followed by surface oxygenation to
reduce the Bean-Livingston barrier for surface pinning
[4]. The RRR was measured with an eddy current decay
method at the University of Birmingham and found to
exceed ~10*. The ac susceptibility and the magnetization,
measured at the Technische Universitat Miinchen, were
consistent with the literature.

The measurements were carried out at the SANS dif-
fractometer V4 at BENSC. Neutrons with a wavelength
A =12 A + 5.5% were collimated over a distance of 12 m
before reaching the sample, with a multidetector at a
distance of 12 m. An ‘“‘orange” cryostat was used for
measurements down to 1.5 K and a horizontal magnet for
fields up to 500 mT. The sample was mounted on a mo-
torized sample stick that could be rotated about the vertical
axis with an accuracy of *=0.05° [cf. Fig. 2(a)]. The
cylinder axis of the sample coincided with the rotation
axis and corresponded to a crystalline [011] direction.
Magnetic fields were applied in the (011) plane, perpen-
dicular to the cylinder axis so that demagnetizing effects
did not change during our measurements. Thus the direc-
tion of H could be rotated away from the [100] axis
towards a [111] axis in the (011) plane [17]. Akin phe-
nomena to those reported here have been obtained for a
(100) plane of rotation on a different sample [5]. In the
following we denote with ¢ the rocking-angle between the
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FIG. 2 (color online). (a) Small-angle neutron scattering set
up. ¢ denotes the angle between the incoming neutron beam and
the magnetic field, while 7 denotes the angle between magnetic
field and the crystallographic (100) direction. (b) Typical detec-
tor image in the scalene FLL phase. For clarity just one domain
is marked in red. (c) The nomenclature for describing the FLL:
«, B, and vy represent the internal angles of the FLL unit cell, §
represents the tilting angle of the FLL with respect to the
horizontal [011] axis. The real space image of the FLL can be
obtained by a rotation of the scattering patterns (b) and (c) by
90° around the neutron beam axis.

incoming neutron beam and H, while 7 denotes the angle
between H and the (100) direction.

For the precise sample alignment within *£0.2° we
exploited the degeneracy of the superconducting domains
for field parallel (100) as described in Ref. [5]. Rocking
scans of ¢ were performed for each measurement point. To
avoid any hysteretic effects, each data point was taken after
field cooling the sample. Several domain populations may
be seen for n =0 at uoH =250 mT and 7 =1.7K
[Fig. 2(b)], as expected for the symmetry breaking of the
FLL with respect to the four-fold symmetry of the crystal
lattice. For clarity only one of these domains has been
marked with red lines. To extract the morphology of the
FLL the scattered intensities were fitted by 2D-Gaussians.
As shown in Fig. 2(b) and 2(c) «, 8 and 7y describe the
internal angles of the scattering pattern, defining the struc-
ture of the primitive unit cell, while & describes the ori-
entation of the primitive FLL unit cell with respect to the
horizontal [011] axis. Previous studies have shown that
changes of domain population of the FLL already occur
within small changes of 7, while the shape and orientation
of the unit cell are conserved [5]. Thus we focus on the
morphology of the FLL.

The field dependence of the integrated scattering inten-
sity of a FLL Bragg spot and its reciprocal lattice spacing
|Q| are shown in Fig. 3 for T = 3.6 K and = 0°. We
denote the constant flux density due to the attractive flux
line interactions in the IMS with H,. As expected for our
cylindrical sample with demagnetization factor of 1, no
intensity is observed for both increasing and decreasing
magnetic field up to %,LLOHCI = 65 mT, followed by a
gradual increase up to %,U,OHO + %,LLOHC] ~ 115 mT [18].
To the best of our knowledge such a complete Meissner

136408-2



PRL 102, 136408 (2009)

PHYSICAL REVIEW LETTERS

week ending
3 APRIL 2009

tMeissner |\S:
i .Phase

Shubnikov 3.6 K |
Phase p=0° |

w

Integrated
Intensity (a.u.)

o
T

Q| (10°A")
oN r o

FIG. 3 (color online). Integrated scattering intensity over a
rocking curve and reciprocal lattice vector of the SANS diffrac-
tion pattern as a function of increasing and decreasing applied
magnetic field in the isosceles FLL phase. Only one of two
characteristic values of |Q| is shown, as only rocking curves
about a vertical axis could be carried out. Note the complete
Meissner flux expulsion for both increasing and decreasing field.

flux expulsion for decreasing H has never been seen before
in SANS, underscoring the outstanding purity and perfec-
tion of our sample. Above 5 uoHy + 3 uoH,; the intensity
decreases characteristic of a conventional Shubnikov
phase. The value of Q reversibly assumes a constant value
0 =~ 0.004 A" between L uoH,, and L woHy + 1 pwoH,,,
identifying this regime as the IMS. In contrast the inte-
grated intensity displays hysteretic behavior between
65 and 115 mT. Moreover, also the rocking width of the
FLL is increased for decreasing field. The same behavior in
sign and magnitude has been observed in the IMS in low
quality Nb [18]. The data in our high quality sample hence
reflect an intrinsic property, most likely due to dendritic
flux intrusion for increasing fields in contrast to FLL
islands for decreasing fields [19].

We have studied the evolution of the FLL morphology in
detail for 1.5 K<T <55K, 110 mT < H <330 mT
and 7 =< |*=25°|. This covered the parameter range
necessary to determine the FLL phase diagram. Shown in
Fig. 4(a) are typical data of the high-field-square for n =
0° with @« = B = 45°, v = 90° and a tilting angle 6 =~
11°. As a function of rotation angle 7 the symmetry break-
ing vanishes for . = 15°. Above 7, the internal angles
a = 3 increase and y decreases characteristic of an isos-
celes lattice that transforms into the hexagonal lattice with
a=B=1y=060°for H | {(111).

Figure 4(b) shows typical data in the scalene phase,
which is characterized by a = 50°, 8 = 60° and y =
70°. Like the high-field-square the scalene phase is tilted,
where 6 = 14°. The tilting vanishes at 1. = 15°, where
the scalene structure turns isosceles, i.e., &« = 8 = 50°
and y = 80°. Approaching (111) the FLL turns hexagonal.
Typical data of the low-field square are shown in Fig. 4(c)
(¢ = B =45°, y=090°), which abruptly turns into a
scalene lattice already for an angle n; = 5°, while the
tilting of the flux lattice exists up to 7. = 20°; i.e., in
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FIG. 4 (color online). Evolution of the flux lattice as a function
of 7 for various temperatures and magnetic fields, where typical
sums over rocking scans are shown for the high-field-square (a),
scalene (b), low-field-square (c), and isosceles (d) structures. All
FLL structures are given in reciprocal space, with the angles
plotted in the Lh.s. panels defined in Fig. 2. The scattered
intensity is plotted on a logarithmic scale. Because of a slight
misalignment of the sample, the scattering patterns are rotated by
~1" around the beam axis [17].

contrast to all other phases the fundamental symmetry and
the tilting exhibit distinctly different critical angles.

Finally, the reorientation angle 1. = 20° is also impor-
tant in the isosceles phase at high temperatures (y = 8 =
62°) as shown in Fig. 4(d) [11]. For n = 0° the unit cell is
orientated such that a [010] axis acts as mirror plane,
yielding § + 6 = 45°, i.e., 6 = 16°. The two-fold isosce-
les phase hence does break the underlying four-fold rota-
tional symmetry of the lattice at » = 0° but still obeys
mirror symmetry. With increasing 7 this orientation
changes between n = 10° and 7, such that [011] becomes
a mirror plane of the isosceles unit cell (6 = 0). During
this reorientation the unit cell is scalene. This may be
compared with the low-field-square shown in Fig. 4(c),
which becomes scalene already at n; = 5° as discussed
above. At 17, = 20° both the tilting vanishes and the lattice
returns to the isosceles structure.

Thus 7, represents a magic angle that is essentially
the same for all FLL phases [Figs. 5(c) and 5(d)]. This
is strongly contrasted by mn; of the low-field-square.
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FIG. 5 (color online). Evolution of the internal angles «, 3,
and y for n = 20° as a function of magnetic field for low
temperatures (a) and as a function of temperature for 100 and
150 mT (b). Note the trend towards a square lattice for low 7 and
high H. Panels (c) and (d) show the temperature and field
dependence of 7., which is essentially unchanged, where the
error bars indicate the range of the transition.

Moreover, the reversible transition fields of the low-field-
square and the IMS shown in Figs. 3 and 4 place the low-
field-square right in the IMS. Because of the large £ as
compared to the spacing of the flux lines, the interaction
between flux lines in the IMS includes contributions from
an overlap of the vortices. This leads to a long-range
attractive FLL interaction in the IMS, where a square
FLL is expected in a theoretical analysis, ignoring any
symmetries imposed by the crystal lattice [20], consistent
with our experiment. Taken together this identifies the low-
field square as a property of the IMS.

With the low-field-square being a property of the IMS
we may now address the remaining phase diagram. We first
consider gradual variations of the FLL morphologies,
where it is instructive to begin with the isosceles phase
for n > n,. [cf. Fig. 1(b)]. As shown in Fig. 5 for n = 20°
we find that « = 8 — 45° and y — 90° for decreasing
temperature and increasing magnetic field. In other words
the lower the temperature and the higher the magnetic field
the stronger the trend to form a square lattice. This is
underscored by a weak fourfold anisotropy of H,,
[11,21]. The same trend to form a square lattice is also
present for < 1., where the FLL morphology locks into
distinct FLL phases. A scalene FLL thereby emerges al-
ways in the transition regime between structures with
higher symmetry (isosceles or square), i.e., under condi-
tions of maximum frustration. This may be readily seen in
Figs. 4(b)—-4(d), where we find that & and B differ for n <
1., while @« = B for n > .. Likewise, a scalene FLL due
to frustration is also seen during the rotation between the
two isosceles phases in Fig. 4(d) with [011] and [010]
acting as mirror planes, respectively. Hence the same
systematic trend is observed for all reorientation transitions
shown in Figs. 4(b)—4(d), but the width of the transition
differs.

In a pioneering study Nakai et al. [13] have shown for
high-« superconductors, that the trend observed in our

study of Nb is expected for a fourfold Fermi surface
symmetry and a related fourfold gap anisotropy. This
reproduces qualitatively the behavior with H || (100),
where a decreasing amount of this trend may be expected
to survive when turning towards (111).

We finally note, that roughly the same value of 7, and
the size of the tilting, &,, are observed across the entire
phase diagram. These values are remarkably close to the
angle separating open and closed Fermi surface sheets
inferred from the magnetoresistance and from Fermi sur-
face calculations [22,23], empirically long suspected to be
important for the superconductivity [14]. Moreover, the
tilting angle &, compares very well with the size of certain
necks in the Fermi surface [24]. Thus the trend of the FLL
morphology to lock into stable phases wins at the expense
of the symmetry breaking rotations as driven by the Fermi
surface topology.

In conclusion, we attribute the general morphology of
the FLL in Nb and its orientation to three dominant mecha-
nisms. First, nonlocal contributions as described by Nakai
et al. in the Eilenberger formalism [13], second, the tran-
sition between open and closed Fermi surface sheets and,
third, the intermediate mixed state at the border between
the Meissner and the Shubnikov phase.

We wish to thank E.H. Brandt, M. Daubler, R. Hackl,
M. Janoschek, V. Mineev, D. Wallacher, J. White, and
W. Zwerger for support and stimulating discussions.

[1] A. Huxley et al., Phys. Rev. Lett. 93, 187005 (2004).
[2] A. Bianchi et al., Science 319, 177 (2008).

[3] S.P. Brown et al., Phys. Rev. Lett. 92, 067004 (2004).
[4] M. Laver et al., Phys. Rev. Lett. 96, 167002 (2006).
[5] M. Laver et al., Phys. Rev. B 79, 014518 (2009).

[6] D.P. Almond, Phys. Rev. Lett. 29, 764 (1972).

[7] V. Novotny, J. Low Temp. Phys. 18, 147 (1975).

[8] F. Laube et al., Europhys. Lett. 56, 296 (2001).

[9] E. Boaknin et al., Phys. Rev. Lett. 90, 117003 (2003).

[10] F. Mohamed et al., Phys. Rev. B 65, 224504 (2002).

[11] D.K. Christen, Phys. Rev. B 21, 102 (1980).

[12] G. Eilenberger et al., Z. Phys. 214, 195 (1968).

[13] N. Nakai et al., Phys. Rev. Lett. 89, 237004 (2002).

[14] K.-H- Berthel, dissertation, Dresden, 1976.

[15] ““Zentralinstitut fiir Festkorperphysik und Werkstoff-
priifung” of the “Akademie der Wissenschaften” of the
German Democratic Republic, now IFW Dresden.

[16] A. Kothe and J. 1. Monch, Mater. Trans. JIM 41, 7 (2000).

[17] Because of a small sample misalignment of =~1° around
the beam axis, the rotation plane is not exactly a (011)
plane.

[18] D.K. Christen et al., Phys. Rev. B 15, 4506 (1977).

[19] U. Essmann, Phys. Lett. A 41, 477 (1972).

[20] L. Kramer, Phys. Rev. B 3, 3821 (1971).

[21] H.R. Kerchner et al., Phys. Rev. B 24, 1200 (1981).

[22] E. Fawcett et al., Phys. Rev. 159, 533 (1967).

[23] L.F. Mattheiss, Phys. Rev. B 1, 373 (1970).

[24] W.A. Reed et al., Phys. Rev. 173, 677 (1968).

136408-4



