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Abstract

The noncentrosymmetric superconductor Ru;B3 has in previous studies demonstrated
remarkably unusual behaviour in its vortex lattice (VL), where the nearest neighbour directions
of the vortices dissociate from the crystal lattice and instead show a complex field-history
dependence, and the VL rotates as the field is changed. In this study, we look at the VL form
factor of RuyBj during this field-history dependence, to check for deviations from established
models, such as the London model. We find that the data is well described by the anisotropic
London model, which is in accordance with theoretical predictions that the alterations to the
structure of the vortices due to broken inversion symmetry should be small. From this, we also
extract values for the penetration depth and coherence length.
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1. Introduction

Superconductivity in noncentrosymmetric (NCS) systems has
attracted attention in recent years, following the prediction
that the breaking of spatial inversion symmetry by the crystal
structure leads to unconventional pairing symmetries with the
mixing of singlet and triplet order parameters [1-6]. The first
observed NCS superconductor was CePt3Si [4], and since then
their number has grown quite remarkably [7]. The uncon-
ventional pairing state may lead to anisotropic gap structures
and the emergence of accidental nodes [8]. This, alongside
the antisymmetric spin—orbit coupling that removes the spin
degeneracy of the electronic bands [9], results in the emer-
gence of a plethora of unusual phenomena [10-14], including
helical phases of the order parameter [15, 16] and spontan-
eous magnetisation at twin boundaries [17]. Many of these
are of specific relevance to the vortex lattice (VL), such
as the predicted stabilisation of the Fulde—Ferrel-Larkin—
Ovchinnikov state [18], the emergence of the anomalous
magnetoelectric effect, and a weakened paramagnetic limit-
ing response [19-23]. The emergence of the magnetoelectric
effect directly affects the VL, as there is a complex array of
shielding currents associated with the flux lines. Several the-
oretical studies have been done in this regard, with predic-
tions of an altered vortex structure [8, 24] and the possibil-
ity of tangential components of the magnetic field [25-27].
Nevertheless, these contributions are considered to be small
and would be difficult to observe with conventional probes
of condensed matter.

In our previous studies of the VL, we have observed
not only the presence of singlet-triplet mixing [28], but also
a highly unusual rotation of the VL with respect to the
crystal lattice [29]. Structural transitions of the VL are not
simply common, having been observed in classical supercon-
ductors [30], cuprates [31-34], pnictides [35, 36], and oth-
ers [37], but should exist in all type-II superconductors [30].
Nevertheless, the change in the VL orientation we observed
in RuyB3 was not connected to a structural transition. Instead,
when the field was applied along the a axis, the orientation
of the VL at any field appeared not to be fixed but rather
almost entirely dependent on the field history of the sample.
Some examples can be seen in figure 1, which shows the VL
at 0.2 T in panels (a) and (b), and at 0.4 T in panels (c) and (d),
under different preparation conditions which will be discussed
later. In our previous study, we proposed that the effects from
both time-reversal symmetry breaking and the broken inver-
sion symmetry may couple to the VL free energy and could
drive a change in orientation. In this study, we investigate the
VL form factor, to look for changes in vortex structure during
the rotation. Both the unusual rotating behaviour of the VL,
and the possibility of additional shielding currents mentioned
in the previous paragraph, behoves investigation. However, we
do not necessarily expect any deviations observable by neutron
scattering, as the predicted effects should be small, on the order
of Gauss.

2. Experimental

SANS measurements were performed on the D33 instrument
at the Institut Laue Langevin in Grenoble, France [38].
Incoming neutrons were velocity selected with a wavelength
between 10 and 14 A, depending on the measurement, with a
AN/ ratio of ~10%, and diffracted neutrons were detected
using a position sensitive detector. The sample was mounted
on a copper holder with the a and ¢ directions in the horizontal
plane, as detailed in our previous publication [29], and placed
in a dilution refrigerator within a horizontal-field cryomag-
net with the magnetic field applied along the neutron beam.
The T¢ of our sample was 2.4 K [28, 39], and since this was
above the maximum stable temperature of the dilution refri-
gerator, the sample was cooled in zero applied field (zero
field cooled, or ZFC) and the magnetic field was applied, and
changed, while at base temperature. Measurements, such as
those in figure 1, were taken by holding the applied field and
temperature constant and rocking the sample throughout all
the angles that fulfil the Bragg conditions for the first-order
diffraction spots of the VL. Background measurements were
taken in zero field and then subtracted from the in-field meas-
urements to leave only the signal from the VL. Data reduction
was performed with the GRASP software, and diffraction pat-
terns were treated with a Bayesian method for handling small-
angle diffraction data, detailed in [40].

The sample was an approximately cylindrical ingot of
Ru;B3, with a length of 30 mm and a diameter of 5 mm. The
crystal growth and sample characterisation has been described
in Singh et al [39]. X-ray Laue measurements indicated good
crystallinity, and resistivity measurements show a sharp trans-
ition, indicating the homogeneity of the samples. The tem-
perature dependence of the zero-field-cooled magnetic sus-
ceptibility exhibits a value very close to the ideal of —1,
indicating near perfect diamagnetism and a superconduct-
ing volume fraction of ~100%. To bring the a and ¢ direc-
tions into the horizontal plane, the sample was mounted with
the long axis of the cylinder near vertical, as illustrated in
figure 1 of our previous publication [29]. Therefore, it was
not possible to illuminate all of the sample with neutrons,
and so the neutron beam profile was selected to be a circle
with a diameter approximately that of the sample. The illu-
minated sample volume could therefore be approximated by
a Steinmetz solid.

3. Results

Figure 1 presents diffraction patterns from the VL for mag-
netic field applied parallel to the a axis, which are composed
of the sum of all rocking angles which fulfilled the Bragg con-
dition. It is in this orientation of the magnetic field that the
field-history dependent rotation was observed [29]. Panel (a)
is a diffraction pattern at 0.2 T after the field was applied from
zero at base temperature, and six first-order diffraction spots
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Figure 1. Diffraction patterns from the VL at several fields and different thermodynamic preparation paths. (a) VL at 0.2 T after ZFC.
(b) VL at 0.2 T after decreasing the magnetic field from 1 T. (¢c) VL at 0.4 T after ZFC. (d) VL at 0.4 T after decreasing the field from 1 T.

from a slightly distorted hexagonal lattice are observed. We
can see that the orientation of the VL is slightly away from
alignment with the crystal axes, which is a result of the rota-
tion behaviour described previously. Panel (b) shows the VL
after the field was increased to 1 T and then decreased back
to 0.2T, and we observe that the direction of the three recip-
rocal lattice vectors, ¢ > 3 have rotated away from their initial
orientation. Panel (c) shows the VL at 0.4 T after applying the
field from zero at base temperature, and panel (d) shows the
same 0.4 T VL after the same field loop up to 1 T as was done
for panel (b). We note that the VL is both slightly distorted,
or elongated, and is not degenerate for any single set of con-
ditions and history of the applied field. This indicates that the
field distribution around the vortex lines is not isotropic, and so
we should expect different values of the penetration depth and
coherence length along different crystallographic axes, which
will be explored in more detail during the quantitative analysis
later in the paper.

The local field within the VL can be expressed as a sum
over spatial Fourier components at the reciprocal lattice vector
q. The magnitude of the Fourier component F(q) is the form
factor, and can be calculated from the integrated intensity, /g,
of a VL Bragg reflection. This relation is given by [41]:

2)\%

2
rerGlCUR M

Iy =27V (%)

where V is the illuminated sample volume, )\, is the neut-
ron wavelength, v is the magnetic moment of the neutron and
®( = h/2eis the flux quantum. The integrated intensity Iy was
determined by fitting the rocking curves of the Bragg reflec-
tions to a Pseudo—Voigt line-shape [42], and this was correc-
ted by the Lorentz factor, the cosine of the angle between the
rocking axis and q [43].

Figure 2(a) shows the average VL form factor for the first
order diffraction spots illustrated in figure 1, as well as a fit
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Figure 2. (a) Vortex lattice form factor as a function of applied
magnetic field, for a series of scans described in the text, alongside a
fit to the data from the anisotropic London model. (b) FWHM of the
rocking curves from the same data as panel (a), using the same
legend. Inset is a rocking curve at 0.2 T with the FWHM indicated.

to the anisotropic London model. There are three sets of data
in this figure, each corresponding to a single scan up or down
in magnetic field. The black circles correspond to an increas-
ing field scan after the sample was cooled in zero field, going
from 0.1 T to 1 T. The red squares are a decreasing field scan
taken after the initial scan, starting from 0.8 T and descend-
ing to 0.2 T. The final scan, represented by blue diamonds, is
an increasing field scan taken after the same field history that
formed the decreasing field scan, going up to 0.5 T. These are
the same data which formed the rotating VL scans of figure 2
in our previous investigation [29].

Figure 2(b) shows the value of the full-width at half max-
imum (FWHM) of the lineshape used to fit the rocking curves,
from which the integrated intensity in equation (1) was calcu-
lated, as a function of applied field. It contains the same three
sets of data as in panel (a), using the same legend to identify

them. The inset shows the lineshape fitted to a representative
rocking curve taken at 0.2 T, and indicates the FWHM.

The VL is slightly distorted, indicating that the penetration
depth and coherence length are not the same along the differ-
ent crystallographic directions, meaning that it is appropriate
to use the anisotropic London model, given in equation (2).
Since, however, the lattice is rotating, the contribution of each
component of the penetration depth and coherence length
along gy and gy will change as a function of field. We note,
however, that the form factor for each species of Bragg spot
characterised by the scattering vectors ¢q;, g2, and g3, are the
same within error. We will therefore seek a single set of para-
meters for the anisotropic London model which reproduces the
data for all three species of Bragg reflection simultaneously.

There is one further consideration before we fit the data,
which is the difference between the low field form factor of the
initial field-up scan, and the same data of the other two scans.
We see that the form factor of the initial ‘Field up’ scan is lower
at low field than the following two scans, but that these scans
all converge on the same values from around 0.4 T and above.
Potentially, this could indicate a legitimate change in VL form
factor, however, we note that the FWHM of the low field data
in this scan, especially that at 0.1 T, is much larger than for
the other data. Therefore, VL disorder which emerged from
applying the field at low temperature may be affecting this data
through the static Debye—Waller effect, which has been seen
in VL studies before [34]. Particularly, in the case of YBCO,
it was observed that the form factor increased above a cer-
tain temperature, which was attributed to thermal energy for-
cing vortices out of pinning sites and thus reducing the static
Debye—Waller effect. It is normally the case that pinning has
the strongest effect on the VL at low field, and we suspect that
increasing the field from zero while the sample was cold forced
the VL through a more disordered region, and this disorder
was only ‘ironed out’ at higher fields where the inter-vortex
interaction was much stronger. We therefore conclude that the
static Debye—Waller effect is affecting these data, and do not
include the low-field data up to 0.4 T from the ‘field-up’ scan
in our numerical analysis.

The anisotropic London model, which we use to fit the data,
is given by the equation

(Byexp(—c(q&; + ¢3€3))
PN+ N

F(q) = ; @

where (B) is the average internal induction, &; is the coherence
length along axis i, ); is the penetration depth arising from
supercurrents flowing in direction i, and gy, g, are the in-plane
Cartesian components of the scattering vector. The parameter
¢ accounts for the finite size of the vortex cores, and a suitable
value for ¢ in our field and temperature range is 0.44 [28]. To
fit this data, we will separate the data into the three different
species of Bragg spot, denoted by the scattering vectors g 2 3
in figure 1, where each Bragg spot shares the components of
the scattering vector, gx and gy, with the corresponding reflec-
tion on the other side of the diffraction pattern. Once fitted,
these will be averaged to return a single value of F(q) which
can be compared to the data. It is important to note that during
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this procedure we checked to make sure that the fitted values of
the form factor for each species of Bragg spot were equivalent
to the other two within error, and this was the case.

We can see from figure 2 that the model is a good fit
for the data. It returned values of the penetration depth as
Ao =253 £7.57nm, A\yp; = 244 +8.49nm and the coher-
ence length as &0 = 13.7£0.65nm, &y = 9.8 & 0.66 nm.
These are mostly within the range of previously repor-
ted values of A=214nm and £=17.3nm [44], and A ||
[100] =311 nm, A || [001] =352nm, & || [100] = 14.4nm and
£ ]/ [001] = 13.8 nm [45], although our values for the coher-
ence length are a little shorter. In order to reproduce the fitting
line in figure 2, the gx and gy values of each species of Bragg
spot for each scan were fitted to a polynomial, which is a nor-
mal procedure when displaying the fit in these figures, and then
averaged.

4. Discussion

The data in figure 2 is well represented by the anisotropic
London model of equation (2), for scans in both increasing
and decreasing field, outside of the region where we believe
the static Debye—Waller effect may be suppressing the meas-
ured intensity from neutron scattering. For the ‘Field up’ scan
where the data deviates from the model at low field, the data at
0.1 T falls noticeably below the theoretical line. This, however,
is the point where we see the most VL disorder, as indicated
by the much larger FWHM in figure 2(b), and so would see the
strongest contribution of the static Debye—Waller effect which
we believe is affecting the low-field data from this scan. This
would reduce the scattered intensity, and thus the form factor,
below the theoretical prediction.

The concordance of the data with the London model indic-
ates that although the VL is engaging in the unusual beha-
viour of rotating with respect to the crystal axes, in a man-
ner not predicted by any prevailing theory of the VL, its gross
structure remains the same as in other superconductors. In our
previous work on Ru;B3, we proposed a mechanism whereby
the effects of the broken inversion symmetry and time-reversal
symmetry breaking could couple to the orientation of the VL,
perhaps allowing for the field-history dependent orientation
we observed. Our observation here, while not an indication
of this mechanism, is in general agreement with this theory, as
the predicted effects would be small.

The observation of London-type vortex behaviour is also
in agreement with theories of the VL in NCS superconduct-
ors, which predict additional components of magnetic field to
arise within the VL due to the magnetoelectric effect. These
field components are expected to be small, on the order of a
Gauss [26], and should not therefore alter the form factor as
measured by neutron scattering, which is concurrent with what
we observe here.

5. Conclusions

We have measured the VL form factor in Ru;B5 for fields
applied parallel to the a axis, during the phenomenon where

the nearest neighbour directions dissociate from the crystal
axes and have an orientation dependent on the field-history
of the sample. We find that the data is well described by the
anisotropic London model, which returns realistic values for
the penetration depth and coherence length. This indicates that
the rotation is not being driven by a large reshaping of the
vortices, and also that the alterations of the vortex structure
due to the broken crystal inversion symmetry are small. These
observations are in agreement with the theoretical predictions
to date.
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