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Abstract

Nb,Re;_; is a non-centrosymmetric superconductor recently realized in thin film form. The
access to the basic physics that governs this material is hindered by the polycrystalline structure
of the films which consist of grains of small dimensions. In these conditions, films are not
decisive in revealing the nature of the superconducting order parameter, and, in particular, the
possible presence of a spin-triplet component. In this work, post-deposition annealing
procedures were performed to improve the crystalline quality of the as-grown films. As
determined by x-ray diffraction measurements, by tuning the annealing process, it was possible
to increase the crystalline size from 1-2 nm up to several nanometers, beyond the values of the
superconducting coherence length. Pair distribution function analyses revealed the
non-centrosymmetric crystal structure of the treated NbRe films. Finally, electrical transport
measurements, performed to study the relationship between structural and transport properties
of the samples, showed an improved metallicity and a reduction of the superconducting critical
temperature after the thermal treatment. This last result can be reasonably ascribed, for instance,
to oxygen contamination, modification of the electronic density of states at the Fermi level, or
change in the electron—phonon coupling. The results of this work are useful to realize films for
future experiments meant to access nature of the superconducting order parameter.
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1. Introduction

The renewed interest in non-centrosymmetric superconduct-
ors (NCS) lies in the possible intrinsic presence of spin-
triplet superconducting correlations, namely unconventional
Cooper pairs with equally aligned spins, in these systems [1,
2]. This is intimately connected to the crystal structure of NCS,
which lacks of inversion symmetry with respect to specific
lattice positions. A strong spin—orbit scattering is also a cru-
cial ingredient to observe mixed singlet-triplet pairing state.
Therefore, the class of NCS transition-metal compounds con-
taining heavy elements is deeply investigated. These materi-
als may in principle host a two-components order parameter,
consisting of pairs of electrons with both antiparallel (sing-
let) and parallel (triplet) spin alignment. In particular, systems
containing Rhenium atoms showed interesting, but often con-
troversial behavior [3-6] and, recently, it was suggested that
Re itself may enclose an admixed singlet-triplet pairing [7].
Among Re-based NCS, Nb,Re;_, (hereafter NbRe) is one
of the most studied materials. In order to access to the pair-
ing symmetry of the superconducting order parameter, it is
desirable to have NbRe in single-crystal form. Single-crystals,
available only in the case of bulk samples [8], showed the
presence of two gaps by directional soft point contact meas-
urements [9], but they were not conclusive about the possible
presence of a triplet component. Recently, we succeeded in
growing textured polycrystalline NbRe films by UHV mag-
netron sputtering technique [10]. Conventional x-ray diffrac-
tion (XRD) studies on polycrystalline NbRe films revealed the
presence of a single broad peak [10, 11] corresponding to the
330 reflections of the a-Mn cubic phase [12, 13]. By using the
Scherrer approach, the dimensions of the nanocrystallites were
estimated of about 2-3 nm [11]. However, this technique can-
not provide detailed information about the disordered structure
of these films, which we believe is responsible for the conduct-
ance spectra typical of a single-gap s-wave superconductor
measured in tunnel junctions based on them [10]. We expect
that this discrepancy between the results (single gap in films
and two gaps in single crystals) can be overcome by improving
the crystalline quality of the films. In a previous paper, by vary-
ing the deposition conditions, we analysed the relationship
between crystallographic and superconducting transport prop-
erties of as-grown films [11]. Preliminary investigations sug-
gest that post-deposition thermal treatments at temperatures
~600 °C produce films with higher texture [11]. However, a
systematic study of the effect of the annealing on the structural
and superconducting properties of NbRe films is still lack-
ing. In general, one may expect that post-deposition anneal-
ing, by increasing mobility of atoms, promotes grain growth
and coalescence [14]. Different parameters, such as anneal-
ing temperature, T5n,, and time, as well as heating and cooling
rates play a role in these processes. Thermal annealing is often
applied also to superconducting thin films to select a specific
crystallographic phase [15], to improve the superconducting
properties [16, 17], or to study the more fundamental problem
of the interplay between superconductivity and disorder [18].
In this last respect, reduced grain dimensions can also affect

the values of T, as a result of a modification of the electronic
density of states at the Fermi level [19, 20] and of the strength
of the electron-phonon coupling [21]. In this work, we tuned
the post-deposition annealing of NbRe films by systematically
varying the process parameters with the final goal of obtaining
films with larger crystallite size and improved crystallographic
orientation, which can be suitable to perform reliable pairing-
sensitive measurements. The structural properties of the result-
ing films, with different thickness and grown on different sub-
strates, were investigated by XRD. Synchrotron x-ray pair dis-
tribution function (PDF) analysis [22] was also performed on
thick films (dnpre = 150 nm). PDF is particularly suitable in
amorphous or nanocrystalline systems in which a short-range
ordering is present (such as NbRe), and can access to the local
atomic structure of the materials. This technique, never applied
on NbRe, can be useful to deepen the knowledge of the crys-
tallographic properties of this material in thin film form and,
in particular, to verify the non-centrosymmetric nature of the
unit cell. In addition, electrical transport measurements were
performed to evaluate the superconducting critical temperat-
ure, T, and the normal state properties, such as the residual
resistivity ratio (RRR) of the annealed films.

2. Experimental details

NbRe films were deposited by dc magnetron sputtering in a
ultra-high vacuum system with a base pressure in the low 103
mbar range from a stoichiometric Nby jgReg g, target. This
composition was preserved in the films, as evaluated by energy
dispersive spectroscopy (EDS) measurements. The films were
grown on different substrates, mainly p-doped (100)-oriented
silicon (Si), 300 nm-thick silicon oxide (SiO;), and occa-
sionally R-plane sapphire (Al,O3). Films were sputtered at
W =250-300 Watt in a Ar pressure Pa, =4 pbar at room
temperature, with a resulting rate of about 0.2 nms~'. Films
of different thicknesses (dnpre = 20—-150 nm) were deposited.
We analyzed both the as-grown films and those subjected
to thermal annealing processes. For clarity, films in the low
(high) thickness limit were named by the letter L (H) fol-
lowed by a number indicating dnpg.e in nm, and a sequentially
numbered suffix. The annealing processes were performed in
a Carbolite Gero tube furnace under Ar atmosphere. The effect
of annealing temperature and the ramp rate were investig-
ated. For comparison, some films in the intermediate thickness
range were annealed in vacuum. A Bruker D2 Phaser x-ray dif-
fractometer in a specular Bragg-Brentano geometry was used
to structurally characterize the films by XRD measurements.
The values of the lattice parameter, a, and of the crystallites
size, t, were evaluated from high angle 6-26 pattern by using
a source of CuK,, (\ = 1.54184 A) and CuKg (A =1.39222
A) radiation at 30kV and 10 mA. Synchrotron x-ray elastic
scattering data were collected at room temperature at the ID11
beamline of the European Synchrotron Radiation Facility
(ESRF- Grenoble, France) using a wavelength A\ =0.1809 A
and a Dectris FigerdM CdTe detector. A 1x1 mm edge size
fragment was selected from each thin film and mounted a
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sample stage with movement in x, y, z, as well as 6 and w
rotations. Data collection was carried out using a grazing-
incidence geometry. Reduction of the total scattering for
obtaining the G(r) function (the reduced PDF function) was
achieved using PDFgetX3 software [23] with Qmay = 22.4 A.
Full-profile fitting of the G(r) function was carried out using
the PDFgui software [24]. In the structural model, the occupa-
tions of the cationic sites were fixed to the nominal compos-
itions provided by Scanning Electron Microscopy-EDS ana-
lysis. In the last cycle of the fitting, the following paramet-
ers were refined: the scale factor, the unit-cell parameters,
the anisotropic atomic displacement parameters, the dynamic
correlation factor, and the parameter related to the finite size
of the diffracting domain (spdiameter). Finally, the paramet-
ers describing the experimental resolution effects (Qgamp and
Obroad) Were fixed to the values refined using a standard CeO,
sample. Electric transport measurements were performed in
a “He cryostat using a standard dc four-probe technique on
unpatterned samples biased with a dc current of I, = 0.5 mA.

3. Results

In this section, we report the annealing procedures which we
developed to optimize the crystallinity of our NbRe films. We
varied parameters such as annealing temperature, time, heating
and cooling rates, as well as treatment steps. As it will be clear
in the following, these processes also affect the superconduct-
ing properties. In particular, the growth of the grains always
produces a decrease of T... Therefore, our efforts were focused
on finding a balance between enhancing crystallinity and pre-
serving high-T; values. For clarity, we decided to present the
data according to the thickness of the analyzed films. First,
we discuss the optimization of thinner films with dnpre = 20
and 30nm. This thickness range is particularly sensitive to
changes in superconducting properties and is often employed
in proximity effect related experiment [25]. Then we describe
the annealing recipes developed for the thick films, for which
we benefited from the results obtained in the regime of low
dnbre. On these films pair distribution analysis was also per-
formed to study the effect of the annealing on the local struc-
ture of the films.

3.1. Thin fims

Our study started with the optimization of the annealing pro-
cedures of films with dypre = 20 and 30 nm. A summary of
the main characteristics of the films annealed according to dif-
ferent recipes is reported in table 1.

Typical broad peaks, indexed as 330 reflections, of the
as-grown films named L30-1 and L20-1 are reported in
figures 1(a) and (b) with open symbols, respectively. This
peak is the only peak present in the XRD profile, apart
from the 400 reflection corresponding to the substrate (not
shown) [11]. From the analysis of the XRD profile the lat-
tice parameter (a) and the dimensions of the grains in the
growth direction (f) were evaluated by using the Bragg law

(a=(AVh2+ Kk +12)/2sinf, here h = k =3 and | = 0 are
the Miller indexes) and Scherrer equation (+ = 0.9\ /Bcos#),
respectively. In the previous formulas, 6 is the diffraction
angle and B is the full width at half maximum of the diffraction
peak [26]. For both films values comparable to the ones previ-
ously reported are obtained witha ~ 9.4 A andr~ 2nm[11].
Similar result was also obtained for the as-grown film 20 nm-
thick deposited on SiO,, L20-2 (not shown in figure 1(b)).
After deposition, the films were thermally treated in an inert
flowing Ar atmosphere. The first goal was to determine the
optimal temperature of the process, while fixing the heating
and cooling rate at 250-300°Ch~! and the time of treatment
at 1 h, as already tested in [11]. We annealed the films at
Tann =400 °C, 500 °C, 600 °C and 700 °C (see films L30-2,
L30-3, L30-4, and L30-7 in table 1). It resulted that for T, =
400 °C (sample L.30-2) and 500 °C (sample L30-3) both the
position and the width of the 330 peak are almost identical to
those measured in the pre-annealing state. On the other hand,
as shown in figure 1(a) by the green line (sample L30-4), after
the annealing at T,,, = 600 °C, the width of the 330 reflection
(the only one present after the treatment) is reduced. This result
is accompanied by an enhancement of the intensity. This cor-
respond to a remarkable increase in the grain size (f = 11 nm).
However, the superconducting properties of the film were sup-
pressed, and no transition was recorded above T = 4.2 K. Both
these results are in accordance with those of [11]. Conversely,
increasing the duration to a total of two hours at the same Ty,
(sample L.30-6) or Ty, up to 700 °C (sample L30-7) produced
a decrease of both a and ¢. Therefore, we fixed Ty, = 600 °C
and we reduced the time of the treatment to 30 min. Sample
L30-5 results from this annealing procedure. Its 330 reflec-
tion (shown in figure 1(a) by the purple line) gives t =8 nm,
which is lower than that of sample L30-4. However, it exhibits
a larger critical temperature, 7, = 5.12 K. It is evident that the
annealing procedure needs to be carefully tuned to achieve a
balance between increasing the grain size and suppressing the
critical temperature. This kind of systematic study was per-
formed on the samples of series L20-x with dxpre =20 nm (see
table 1). On these films we investigated the effect of the sub-
strate (Si and Si0,), the annealing time (which never exceeded
30 min), the annealing rate (300 and 600 °C h~"), and anneal-
ing profile on both structural and superconducting properties.
These results are summarized in figure 1, where the diffrac-
tion peaks (figure 1(b)) and the normalized resistive transitions
(figure 1(c)) for representative films from the series L20-x are
reported. First, we used the same recipe (600 °C (30 min) at
300 °Ch~") applied to obtain sample L30-5 on films grown on
both substrates. This procedure produced a relevant increase
of the grain size, as it can be inferred from the XRD measure-
ments (figure 1(b)) by comparing the result of the as-grown
film on Si (L20-1) to those of samples L20-3 (t=7.8 nm) and
L20-4 (t= 6.6 nm), grown respectively on Si and Si0O,. Also
in this case the values of T, are significantly depressed for both
samples compared to the as-grown films (see figure 1(c) and
table 1).

Then we acted on another parameter, namely the heat-
ing rate and we performed the annealing procedure at Ty, =
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Figure 1. Comparison of diffraction peaks corresponding to the 330 reflection for the films: (a) L30-1, L30-4, and L30-5, (b) L20-1, L20-3,
L20-4, L20-5, and L20-6. (c) Normalized R(T) transitions for the set of films L.20-1 to L20-6.

Table 1. Name, substrate, thickness, structural parameters, and superconducting properties of the films with dxpre = 20 and 30 nm under

study.

Sample name Substrate Annealing recipe dnbre (nm)  T¢ (K) AT.(K) RRR {(mm) a(A)
L30-1 Si as grown 30 6.14 0.17 0.947 1.6 9.43
L30-2 Si 400 °C (1 h) at 300 °Ch™! 30 insulating — — 1.6 9.43
L30-3 Si 500 °C (1 h) at 300 °Ch™! 30 insulating — — 1.6 9.43
L30-4 Si 600 °C (1 h) at 300 °Ch~! 30 <4.2 — 1.13 11 9.47
L30-5 Si 600 °C (30 min) at 300 °Ch™! 30 5.12 0.16 1.02 8 9.49
L30-6 Si 600 °C (2h) at 300 °Ch~! 30 insulating — —_ — —
L30-7 Si 700 °C (1 h) at 300 °Ch™! 30 insulating — —  — —
L20-1 Si as grown 20 6.60 0.13 063 1.7 9.43
L20-2 SiO, as grown 20 6.60 0.13 0.61 1.7 9.37
L20-3 Si 600 °C (30 min) at 300 °Ch™! 20 4.48 0.33 1.12 7.8 9.49
L20-4 SiO, 600 °C (30 min) at 300 °Ch~! 20 5.73 0.53 1.04 6.6 9.50
L20-5 Si 600 °C (30 min) at 600 °Ch~! 20 6.17 0.19 098 4.8 9.50
L20-6 SiO, 600 °C (5 min) at 600 °Ch ™! 20 6.24 0.17 1.00 4.4 9.46
L20-7 Al, O3 600 °C (5 min) at 600 °Ch ™! 20 5.93 0.27 1.06 — —
L20-8 SiO, 600 °C (30 min) + 300 °C (30 min) at 600 °Ch~! 20 6.28 0.14 1.05 74 9.49
L20-9 SiO, 600 °C (30 min) + 300 °C (1 h) at 600 °Ch ™! 20 6.05 0.23 1.02 5.6 9.48
L20-10 SiO, as grown 20 547 0.07 —_ — —
L20-11 SiO, under vacuum 600 °C (30 min) + 300 °C (30 min) 20 6.85 0.10 — 24 9.45

at 600 °Ch™!

600 °C at the rate of 600 °Ch~!. The resulting film (L20-5)
has T. = 6.17 K, much closer to that of L20-1 (figure 1(c)).
However, this procedure resulted to be less effective in increas-
ing the grain size, which resulted to be only 4.8 nm (figure 1(b)
and table 1). The increased heating speed leads to a higher
number of nucleation centers, resulting in more grains with
similar and intermediate dimensions, instead of fewer, larger
grains which are thermodynamically more stable [27].

We then decided to further tune the annealing time, redu-
cing it down to 5 min. This recipe was tested on films grown
on both SiO, (L20-6) and Al,O3 (L20-7) substrates. From
figure 1(c) we notice that 1.20-6 has a small T, shift of
about 0.36 K compared to the corresponding as-grown film.
However, the increase in t (estimated to be 4.4 nm from the
peak in figure 1(b)) is smaller than that observed for film L20-
5, which was annealed for 30 min. On the contrary, sample
L20-7 after the annealing has a much lower T.. Moreover,
the position of the substrate peak is almost superimposed to

the 330 reflection (not shown), and this affects the correct
determination of ¢ and a. For both these reasons, we decided
to restrict our study to Si and SiO;.

Figure 2 summarizes the effect of the annealing time and
of the ramp rate (both 300 and 600 °Ch~') on the crystal-
lographic (panel (a)) and superconducting (panel (b)) proper-
ties. It emerges that a significant increase of ¢ and a requires
an annealing time of at least 30 min. It is also evident that a
faster heating/cooling procedure preserves the 7. values and
improves the metallicity, but does not optimize the grain size.
At this stage, we added a second step in the annealing protocol,
namely, we kept the films at an intermediate temperature of
T)., = 300 °C before the complete cool down to room tem-
perature. The purpose was to extend the thermal treatment for
longer time, while reducing the possible source of interdiffu-
sion from the substrate and contamination from the furnace
environment. These factors could, in principle, be respons-
ible for the depression of T.. Therefore, additional annealings
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Figure 3. Normalized resistive transitions for the as-grown film
named L.20-1 compared to the films annealed at 600 °C (30 min)
with a rate of 600 °Ch~! on Si0O; and subjected to the additional
heating at Ty, = 300 °C for 30 min (L20-8) and 1 h (L20-9). Inset:
XRD patterns for the films L20-8 and L20-9, compared to the ones
of the as-grown film (L20-1) and the film annealed under vacuum
(L20-10).

of 30 min (L20-8) and 1h (L20-9) were tested. The result-
ing R(T) and XRD patterns are compared to the same meas-
urements performed on the as-grown film L20-1 in figure 3.
Interestingly, this recipe leads to both larger grains and higher
critical temperature with respect to the film L20-5, treated
according to the same rate and time, but without the second
annealing step (see table 1). To summarize, the best comprom-
ise between grain growth and 7. suppression is obtained with
an additional annealing at 7, . = 300 °C for 30 min. The res-
ulting sample (L20-8) has, indeed, t =7.4 nm and T, = 6.28
K.

Finally, the annealing procedure according to these optim-
ized conditions (600 °C (30 min) + 300 °C (30 min) at

0.12[ . 1o
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- —40.10
[ 1 —
0.08 | u Jo.08°
§ L p I’Jc
z J0.06,
T ] g
R . —
i dNbRC =150 nm 40.02
- —40.00
0.00 1 'l 1 1 1 'l 1
0 1 2 3 4 5 6

Annealing time (h)

Figure 4. Effect of the annealing time at 600 °C on the ratio
between the grain size and the film thickness (left scale) and 7¢
depression (right scale).

600 °Ch~') was also performed under vacuum in order to
reduce the possible presence of residual gases, such as oxy-
gen, acting as contaminants during the thermal process. A
base pressure of 2 x 107> mbar was achieved by pumping
the furnace by turbomolecular pump. The annealing proced-
ure was then performed by keeping the furnace pumped. The
XRD profile obtained on this sample (L20-11) is shown in the
inset of figure 3 by orange line. The pattern is better defined
compared to that of a typical as-grown film of the same thick-
ness (L20-1, blue line), as it reflects an increased grain size
of t = 2.4nm. However, the crystallite dimensions are about
one third of the ones obtained for sample L20-8, annealed in
the same conditions but in Ar flux (see table 1). This indicates
that the presence of the inert Ar gas promotes an easier growth
of the grains. Moreover, it may improve thermal coupling and
increase the conductivity. Interestingly, for the film L20-11 an
increase of T, of about 0.4 K compared to the as grown film
(L20-10) was registered (see table 1). This result supports the
idea that oxygen contamination may be responsible of the crit-
ical temperature reduction. We will address this issue in more
detail in the discussion.

3.2. Thick fims

Having tuned the main annealing procedures in the thin-film
limit, we extended our study to thick films (dnpre = 150 nm)
on which PDF analysis was also performed. Taking advant-
age of the previous results, we kept fixed the annealing tem-
perature at 600 °C and the ramp rate at 600 °Ch~!, and we
preliminary analysed the role of the annealing time.

Indeed, annealing for the established time of 1h was not
sufficient to obtain a relevant value for the #/dnpre ratio.
Structural and electrical characterization of a preliminary set
of thick films annealed for 1h up to 24 h at 600 °C (30 min)
at 600°Ch~', evidence that, to preserve superconductivity
and maximize grain size, an annealing time of 6 h is optimal.
This is summarized in figure 4, which shows the effect of the
annealing time at 600 °C on the grain size (left scale) and on
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Table 2. Name, substrate, thickness, structural parameters, and superconducting properties of the films with dxpbre = 150 nm under study.

Sample name Substrate Annealing recipe

dpre (M) Te (K) AT: (K) RRR piok (u€2-cm) ¢ (nm) a (A)

H150-1 Si as grown

H150-2 Si 600 °C (6 h) at 600 °Ch™~!

H150-3 SiO, 600 °C (6 h) at 600 °Ch ™!

H150-4 Si 600 °C (6 h) + 300 °C (1 h) at 600 °Ch~!

150 6.86 0.02 0.59 300 1.7 944
150 6.53 0.11 094 181 147  9.54
150 6.69 0.10 0.61 — 144  9.55
150 6.44 0.05 0.96 196 14.0 9.50

the depression of the critical temperature (defined as the dif-
ference between the T, of the as-grown film (7t #) and the T
of the annealed one (72™)) (right scale). The point correspond-
ing to a treatment of 24 h is not reported since no XRD peaks
were observed in the diffraction pattern and the sample was
also insulating. For this reason, all the films analyzed in the fol-
lowing were annealed for 6 h. A summary of the main charac-
teristics of these investigated films, on which the PDF analysis
was also performed, is reported in table 2. In the following, the

effect of both the substrate choice (Si for films H150-1, H150-
2, H150-4 and SiO; for film H150-3) and of the plateau at
300 °C for 1 h (H150-4) was analyzed.

The 330 reflection of an as-grown film (H150-1) is com-
pared to the annealed ones in figure 5. All the annealed films
present peaks with higher intensities and lower widths. The
thermal treatment produced an increase in the grain size, from
1.7 nm (sample H150-1) up to about 14 nm for all the analysed
films (see table 2). This result is reported on the right scale of
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figure 6(a). The left scale of the same panel refers to the val-
ues of the lattice constant, which, despite the clear increase,
is still lower with respect to the one estimated for single crys-
tals (a =9.6507 10\) [12]. As results from figure 6(a), in this
thickness regime, good crystalline properties were obtained
independently on the substrate and the addition of the plateau
at 300 °C. The effect of the thermal treatment on the trans-
port properties also reveals interesting results. On one hand,
these optimized annealing parameters do not significanlty alter
the values of T (figure 6(b), left axis). This result is reason-
able if we suppose that interdiffusion from the substrate or
increased roughness may come at play during the heating pro-
cess. The consequences of both these effects are expected to
be less important for thick films. On the other hand, there is
a correlation between the 7, depression, increased metallicity
(namely increased RRR) (figure 6(b), right axis) and improved
texture. Indeed, samples H150-2 and H150-4, with increased
grain size, have not only low values of T, but also RRR close
to unity (see figure 6(b), right axis) and lower values of low
temperature resistivity (pjox), compared to the as-grown film
(see table 2). Therefore, these results may support the scenario
of an intrinsic effect, as already reported in other materials [19,
20].

On these samples (H150-1-H150-4) synchrotron x-ray
elastic scattering measurements were performed. Topological
constraints are expected to hold to some extent even in materi-
als characterized by low degree of crystallinity, thus implying
that structural properties of crystalline phases can be recog-
nised also in poorly crystallized samples, at least on the local
scale. PDF yields structural information at the local scale from
amorphous, nanostructured and crystalline materials. In par-
ticular, the position of the PDF peaks is given by the values
of the bond lengths in the inspected sample, whereas their
width depends on the bond distance fluctuations (depending
on thermal vibrations and static atomic disorder). Figure 7
shows the high resolution (HR) XRD normalized data obtained
at the ID11 beamline. The profiles evidence the different
structural properties of the sample H150-1 compared to the
annealed ones. Indeed, the diffraction pattern of the sample
H150-1 exhibits a completely different profile, and it is also
characterized by a much higher background, clearly indicat-
ing a higher structural disorder. Fainter differences mark the
remaining patterns. In particular, the broadened peak at about
1.5 A=! observed for sample H150-1 is still present in patterns
corresponding to the films H150-2 and H150-4. This broad
peak is absent for the sample H150-3 (the only one grown on
Si0;), which, on the contrary, shows two faint peaks at about
1.05A~" and 2.00 A~!, hardly observed also in the H150-2
sample.

Figure 8(a) shows the experimental G(r) functions, repres-
enting the probability to find two atoms separated by a dis-
tance r (thus corresponding to a histogram of interatomic dis-
tances), for all the inspected films. Samples H150-2, H150-
3 and H150-4 are characterized by a first and strong peak at
about 2.71 A exhibiting a shoulder at around 3.2 A. These bond
distances are in fair agreement with those measured in the x-
phase of the NbRe system, crystallizing in the 143 m space

100 | — H150-1 .
— H150-2 ]
— H150-3

—— H150-4

10

Intensity (arb. units)

T RS S E ST
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Figure 7. Synchrotron XRD data obtained for the films
H150-1—H150-4. For a better comparison among the samples, the
data are normalized and plotted in logarithmic scale.

group. Conversely, H150-1 shows two distinct peaks at about
2.4 A and 2.9 A in the same distance region. Such a feature
indicates that sample H150-1 is characterized by significantly
different structural properties, even at the local scale.

Since the peak width yields information about static and/or
dynamic disorder of the atoms involved in the pair, it is inter-
esting to observe the evolution of the peak width for differ-
ent samples. It is evident that the H150-2 sample is signific-
antly more ordered than the films H150-3 and H150-4. This
conclusion agrees with the fact that this sample also exhib-
its a lower background. In particular, it is useful to compare
samples H150-2 and H150-4 grown on Si, which were pre-
pared by applying the same thermal treatment, but with and
additional annealing at lower temperature in the case of H150-
4. Despite this, both HR-XRD and PDF data indicate that the
amount of structural disorder is larger for sample H150-4. It
is not clear the reason for this behaviour. Likely, the forma-
tion of domains or other non-diffusive phenomena are activ-
ated during the treatment at low temperature, detrimental for
the overall crystallinity. It is important to notice that the exper-
imental G(r) functions obtained for all the annealed films can
be successfully fitted using a cubic 143 m structural model.
Figure 8(b) shows the fitting for the H150-2 sample, selec-
ted as representative. It is evident that the fit gets worst below
~9 A, whereas for longer distances the structural model fits
reasonably well the experimental data. This result indicates
that significant structural distortions affect the material at the
local scale.

The same cubic 143 m structural model was applied to fit
the HR-XRD data by applying the Rietveld method, but it was
rejected due to the low quality of the result. This outcome
indicates that this structural model can be quite reasonably
used as a reference at the local scale, but its reliability van-
ishes as the distance increases. Nonetheless, the peak at about
2.9 A~! observed in all the HR-XRD patterns (figure 7) can
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Figure 8. (a) Experimental G(r) functions obtained for the different NbRe films. Data are plotted on a logarithmic scale in order to
highlight data at shorter r values. The inset shows the bond distances corresponding to the first shell about 2.4 A and 3.1 A. (b) Experimental
G(r) functions obtained for the H150-2 sample fitted with a I43 m structural model.
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Figure 9. Comparison of the cell parameter for the analysed samples as obtained by different techniques.

be indexed as 330 in the cubic 143 m structural model. Given
the cubic symmetry, it is possible to determine acceptable cell
parameter values by fitting this single diffraction peak.
Figure 9 shows the comparison of the cell parameters as
obtained by fitting the G(r) functions and the 330 diffrac-
tion line in the HR-XRD patterns. A quite fair agreement is
observed between the two data sets, their differences being
related to the different distance scale probed by HR-XRD
(red closed squares) and PDF (red closed circles). Moreover,
it is also evident that the as-grown film (H150-1) is charac-
terized by a significantly lower value of a compared to the
annealed films independently on substrate and thermal treat-
ment. It is interesting to observe that the cell parameter mainly
depends on the substrate rather than on thermal treatments,
at least for this optimized annealing recipes, since samples
H150-2 and H150-4 were both deposited on Si and under-

went different thermal treatments, whereas N3 was depos-
ited on SiO,. Finally, it is worth commenting about the good
agreement between the values of a obtained from the stand-
ard XRD (black open squares) and the HR-XRD measure-
ments, which also emerges from figure 9. The same happens
for the estimation of ¢. Generally speaking, the experimental
G(r) function can provide a direct estimation of the coher-
ent diffracting domains average size. In fact, as the structural
coherence is progressively suppressed with distance, a damp-
ing of the G(r) function data is observed. By the fall-off in
amplitude of the G(r) peaks, the range of the structural coher-
ence for the as-grown sample can be estimated about 5 nm,
whereas for the annealed films it is ~15 nm. These numbers
are in reasonable agreement with those extracted from the
analysis of the standard XRD patterns by using the Scherrer
formula.
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4. Discussion

We have explored several recipes to enhance the crystal quality
of NbRe films of different thickness. In the regime of dnpre =
20-30 nm, by an appropriate thermal treatment we were able to
increase the dimensions of the crystal grains from about 1-2 up
to 11 nm, without significantly affecting the superconducting
properties. This corresponds to a value of #/dnpre Of about 0.4
for the film L30-4. The annealed films with dypre = 150 nm
have crystallites’ size of about 14-15 nm and clearly show the
expected 143 m non-centrosymmetric crystal structure. In this
sense, it seems irrelevant the reduction of 7. produced by the
annealing in Ar flow. This depression is less pronounced for
the thick films and, moreover, the R(T) curves are relatively
narrow for all the films. For example, the width of the super-
conducting transitions, defined as AT, = T2°% — T19% for all
the films of the series L20-x never exceeds 0.53 K. Different
mechanisms can be responsible for the T, suppression, such
for instance, a change in the film composition [12], a possible
oxygen contamination, or an intrinsic effect directly related a
modification of the electron—phonon coupling [21] or electron
density of states at the Fermi level [19, 20]. In the following
we analyze all these possible scenarios. First, we performed
EDS measurements to compare the chemical composition of
the films annealed by different recipes with the as grown ones.
It resulted that, for all the investigated samples, the Nb and Re
atomic concentration ratio is Nb/Re ~2 14/86 both for annealed
and as grown films. On the other hand, interdiffusion from the
substrates or oxidation reactions due to oxygen residues in the
furnace can explain why the T, suppression is less pronounced
in the case of thick films and for short annealing time. The res-
ults obtained on films annealed in vacuum further support the
possibility of samples’ poisoning during the process in Ar. In
this case, the process is less efficient in terms of grains’ growth,
but a small increase in 7, is obtained. The latter can be also
due to oxygen degassing from the films, with a consequent
reduction of the microstrain induced by the interstitial oxygen
atoms. As far as the possible intrinsic correlation between the
dimensions of the grains and T, it is worth to notice that this
result is consistent with that reported for NbRe films in [11].
Also in that case, by changing the deposition conditions, small
improvements in the dimensions of the grains was accompan-
ied by a small depression of 7. This result is not surprising,
since when the characteristic dimensions of a superconductor
are comparable to the superconducting coherence length, &, it
can show behaviors that, due to nanostructuring or small grain
dimensions, are significantly different from the bulk. This is
because dimensional effects are important for both electron—
phonon interaction and for the electronic density of states [21].
T., in particular, depends on both effects. The combination
and the balance between the two contributions determine if the
critical temperature is enhanced or depressed as a function of
the dimensional reductions. The dimensional effects have dif-
ferent consequences depending on the material characteristics
and, in particular, on the ratio I/{, (here / is the electronic mean
free path and & is the superconducting coherence length in the
clean limit). Very specific measurements and simulations must

be performed at this purpose, which are beyond the scope of
this work.

The evident result of this work is that it produced a relev-
ant change in the crystallite size with significant effects both
on the superconducting and normal state properties. Indeed,
the transition from the regime ¢ < £(0) to z > £(0) is observed,
where £(0) = 4.8 nm [10]. Moreover, the larger values of RRR
observed for the annealed films indicate an improved metalli-
city of the films, and hence, reasonably, an increase of /, repor-
ted of about 5 nm in the case of polycrystalline samples [12].
Therefore, a proper annealing unequivocally reduces the con-
tribution of grain boundary scattering and enables reliable
pairing sensitive experiments. Here, we want to stress that,
even if the single crystal condition, = dnpre, Was not fulfilled,
this work represent a non-trivial extension of the research field
on NCS. To date, NbRe is the only NCS available in thin
film form. Here, PDF analyses performed on the data collec-
ted at ESRF demonstrated that films annealed according to
the optimized protocol show the correct non-centrosymmetric
crystal structure. The availability of these samples may help in
shading a light in the debate on the symmetry of the supercon-
ducting order parameter in this system. Indeed, the main goal
of our research was to provide samples on which pairing sens-
itive experiments, such as Scanning Tunnelling Microscopy
(STM) could be performed. STM proved to be a powerful
technique which gives direct access to the superconducting
order parameter, as widely demonstrated in high temperat-
ure [28], multiple-gap [29], or recently in spin-triplet [30]
superconductors. Indeed, STM can provide important inform-
ation concerning the number and the symmetry of the order
parameters, as reported for instance for non-centrosymmetric
Ru;Bj3 [31]. However, tunnel measurements require direction-
ality in the current injection with respect to the crystallo-
graphic axes. In the present work we succeed in obtaining
oriented NbRe films with grains of dimensions larger than
the superconducting coherence length and with the expected
non-centrosymmetric structure. On these optimized films it
will be possible to perform reliable direction-controlled exper-
iments by STM. Moreover, new Squid-on-tip platforms [32]
may be used to locally map critical temperature or critical
fields. Finally, the crystallographic properties of the films may
be further improved by growing the film on substrates heated
at the temperature used in our optimized annealing protocol.

5. Conclusions

Films of NbRe in different thickness regimes were deposited
on different substrates and subjected to various thermal treat-
ments. The as-grown films have a polycrystalline structure
with small crystallites and transport properties typical of dis-
ordered films (RRR < 1). A clear improvement in the dimen-
sions of the grains and lattice parameter was obtained by tun-
ing the annealing procedures. In particular, in the low thick-
ness regime (dnpre = 20-30 nm) the ratio between the grain
size and the thickness can reach about #/dnpre = 0.4. The
PDF analysis was performed on the thick films by assuming
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they have a 143 m structure. Despite the limits imposed by the
experimental set-up, the fit of the experimental data, is sat-
isfactory. Moreover, the different XRD techniques return the
same trend in the increase of the grain and lattice constant,
despite the small difference in the estimated values of ¢ and
a. For all the investigated films, the increase in the crystal-
lite size corresponds to a small depression of T, as already
reported in [11]. This study shades a light on the experiments
performed so far on as-grown NbRe films [10, 25] and on the
discrepancy with the results obtained on single crystals [9]. In
this respect, this work opens new perspectives in terms of pos-
sible experiments to be performed on annealed films. Should
the spin-triplet component being proven to be the dominant
pairing mechanism, it may open new perspectives for realiz-
ing devices that exploit spin-polarized supercurrents (super-
conducting spintronics) [33]. Finally, the access to the local
structure of the NbRe films obtained by PDF is of fundamental
importance. Indeed, the microscopic knowledge of the mater-
ial allows a correct theoretical modelling of the system neces-
sary to interpret the experimental results obtained on the NbRe
films where still many questions are open.
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