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The intermetallic superconductor Nb3;Sn is an interesting reference system, due to its high transition tem-
perature and strong coupling, to compare with superconductors like MgB, or the cuprates. We have prepared
high-quality stoichiometric NbsSn films on sapphire by tin vapor diffusion. This technique enabled controlled
doping of Nb;3Sn films with Ti, which substitutes for Nb along the quasi-one-dimensional chain sites. The
microwave response of the films was studied at 87 GHz using a cavity-endplate technique. The temperature-
dependent surface resistance of undoped films was in perfect agreement with the predictions of strong-coupling
theory. However, the behavior of the penetration depth contradicted them, showing an unexpected weakly
curved temperature dependence. Ti doping affected this behavior. Increasing the Ti concentration introduced a
monotonically increasing curvature of AN(7). Furthermore, key superconducting properties like the reduced
energy gap A/kT, and the quasiparticle conductivity underwent nonmonotonic changes for increasing Ti
concentration. Our observations are analyzed in terms of impurity scattering and changes of the electron-
phonon coupling strength, most likely resulting from an altered quasiparticle density of states at the Fermi

level.

DOI: 10.1103/PhysRevB.72.094502

I. INTRODUCTION

Despite the advent of, e.g., the cuprate superconductors'
and, more recently, the diboride Mng,2 studies of the clas-
sical A15 superconductors like Nb;Sn remain interesting.
From a fundamental point of view, Nb;Sn is the only estab-
lished strongly coupled s-wave high-temperature supercon-
ductor [electron-phonon coupling constant Ao~ 1.5 (Ref.
3)]. The high values for the transition temperature and the
superconducting energy gap were associated with the face-
centered-cubic Sn lattice, superimposed by three pairs of or-
thogonal Nb chains, leading to distinctive peaks in the qua-
siparticle density of states (DOS) Ny(E).* As confirmed by
band-structure calculations and spectroscopic measurements
for NbsSn, these singularities occur at energies close to the
Fermi energy Ef, thus giving rise to its outstanding super-
conducting properties.>® Similar mechanisms have been pro-
posed for the layered cuprate superconductors.’

In Ref. 8, we reported the successful deposition of phase-
pure NbsSn films on sapphire using a two-step process. This
enabled the synthesis of samples of reproducible high qual-
ity, superior to films prepared by other techniques like sput-
tering or co-evaporation.”>!® Remarkably, all investigated
samples revealed an unexpected temperature dependence of
the penetration depth. A significantly weaker curvature of
N(T) than expected from strong-coupling theory was ob-
served. At temperatures 7<<0.57,, the temperature depen-
dence followed a linear rather than an exponential depen-
dence.

The temperature dependence of the penetration depth re-
flects the pairing mechanism of the charge carriers forming
the superfluid condensate, and thus the quasiparticle DOS. It
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can provide information on, e.g., scattering, electron-phonon
coupling strength, or the symmetry of the order parameter. A
linear or quadratic temperature dependence, for instance, can
hint at a d-wave symmetry of the order parameter, as is the
case for the cuprates.!! In terms of MgB,, the uncommon
N(T) is discussed in the frame of a two-gap model,'> while
the exponential temperature dependence identifies it as an
s-wave superconductor.

To gain deeper insight into the electronic material proper-
ties and their interaction with the crystal lattice, electronic
doping is a suitable tool. From experiments with Nbs;Sn
wires, Ti is known to be a well-suited dopant, as it replaces
the Nb atoms within the chains.!® This implies a conspicuous
effect on the superconducting properties. Doping studies of
NbsSn have been performed predominantly on bulk material
and wires, due to the often poor and hardly reproducible
quality of films. We report here systematic Ti-doping studies
of high-quality Nb;Sn films on sapphire.

Microwave measurements present a sensitive technique to
analyze the dynamics of normal and superconducting charge
carriers, and hence the quasiparticle scattering and pair
condensation.'* The experimental data permit the deduction
of values for the energy gap A,, London penetration depth
AL, coherence length &), and electron mean free path /. These
parameters, in combination with microscopic theories, give
insight into the electron-phonon coupling strength and qua-
siparticle DOS in the normal and superconducting states.'”

II. EXPERIMENTAL TECHNIQUES

A. Deposition of Nb;Sn films

The Nb;Sn films were prepared by a two-step process.
First, a Nb-precursor film was sputtered onto a sapphire sub-
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TABLE 1. Characteristic parameters deduced from RF measurements and confirmed by shielding and
tunneling investigations. For comparison, typical values taken from the literature are added. A describes the

upper limit of \;, as described in the text.

T, (K) A/KT, Ap (nm) [ (nm) & (nm)
RF measurement 18.0+£0.10 2.01+£0.10 91.1+£2.1 12.1+£1.2 6.8+£0.5
Inductive/tunneling 18.0+0.05 2.00+£0.13 90.9£2.2 6.7+0.3
Co-evaporation® 16.0-17.9 1.2-2.1 90-100 2-10 5.7-1.7
Sputtering® 16.5-18.0 1.3-1.9 No=600

#Reference 10.
PReference 9.

strate (10 mm X 10 mm), which was subsequently converted
to NbsSn by Sn-vapor diffusion. This process yielded sto-
ichiometric phase-pure films with a granular structure. The
columnar grains exhibit average diameters dg up to
1.4 um.'7 Table I summarizes typical superconducting pa-
rameters deduced from microwave data'® and supplemented
by measurements of inductive shielding and electronic tun-
neling properties.'® The data confirm the high quality of the
samples, compared with typical values from the literature.”'%
Additionally, the consistency among the different measure-
ments is convincing. The high reproducibility is documented
by the small parameter scattering, stated as the errors in
Table 1. These values imply that the electronic response of
the samples falls into the local limit (&,<<\;), while, consid-
ering the electronic mean free path, the response indicates an
intermediate state, i.e., between the clean and dirty limits
(I=§&).”

The high quality of our Nb;Sn films is a direct conse-
quence of the Sn-vapor diffusion, which is a well-established
technique applied to metallic surfaces, e.g., for Nbs;Sn-coated
Nb cavities for superconducting particle accelerators.”’ The
technique has proven to yield Nbs;Sn layers of excellent
structural properties in terms of stoichiometry, Sn distribu-
tion, and phase purity, with extremely good superconducting
properties (like large energy gap and low residual surface
resistance). Our earlier studies showed that Sn-vapor diffu-
sion can be favorably applied also to Nb films on dielectric
substrates like single-crystal sapphire, yielding a comparably
high material quality.36-182!

B. Ti doping

Ti-doped films were obtained by diffusing Sn into the
Nb-precursor films that had layers of Ti implemented. A
similar process was reported in Ref. 13 for Ti-doped wires.

The Nb-Ti-Nb sandwiches were prepared by planar dc-
magnetron sputtering in an argon atmosphere (partial pres-
sure of 0.9 Pa), after the sputtering chamber had been evacu-
ated to a residual pressure of 8 X 10~> Pa. The sputtering was
performed at room temperature, with a plasma power of
80 W, yielding typical deposition rates of 94 nm/min. All
samples were prepared with a total Nb-layer thickness of
1.88 um, reflecting a fixed total-deposition time of
20 minutes. The thickness (20 to 240 nm) and the number n
of the Ti layers (n=1 to 4) were adjusted according to the

desired total amount of Ti. To alter the diffusion of the Ti
atoms into the Nb precursor, an additional tempering step
was introduced for some samples. These samples were kept
at a temperature of 1360 °C under ultrahigh vacuum
(8 X 1073 Pa) for 28 hours. Like the undoped films, the as-
grown and the annealed Nb-Ti sandwich structures were then
subjected to the Sn-diffusion process at a temperature of
1100 °C for 6 h. Due to the conversion, the thickness dg of
the resulting Nb;Sn: Ti films increased by a factor of about
4/3 compared to the Nb precursors. The thickness ranged
between 2.53 and 2.83 um, which was in accordance with
the expectations, considering the similar atomic masses and
densities of Nb (8.59x10%kg/m?) and Nb;Sn (8.92
% 10 kg/m?). In total, 16 Ti-doped samples of different con-
centration were prepared and characterized.

The total amount of Ti was chosen to cover a range of
nominal concentrations of cp;=0.5 to 9 at. %, assuming ho-
mogeneous Ti diffusion. The normal-state resistivity pn(7),
deduced from surface-resistance data in the normal skin-
effect limit, scaled linearly with cp;, as illustrated in Fig.
1(a). This behavior is consistent with the assumption that
the Ti atoms cause additional scattering centers. While the
linear dependence agrees qualitatively with the results of
Ref. 13 [Fig. 1(b)], the nominal sensitivity dp/dcr
=3.8 uQl cm/at. % of our films is weaker by a factor of
about 4 than in Ref. 13. Interestingly, the slopes extracted for
the multilayer structures (2.2 u{)cm/at. %) and the an-

601 a) Ti doped films b) Tidoped wires, 4
Ref. 13 A substrate
g 40
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o
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X ® single layer
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< annealed
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Iy (normalized units) ¢, (at. %)

FIG. 1. (a) Linear variation of the normal-state resistivity pn(7)
and the effective Ti concentration yt;, measured for single-layer
Nb;Sn:Ti films (filled circles), multilayer films (open circles), and
subsequently annealed samples (diamonds). The Ti concentration is
given in normalized units, as explained in the text. (b) Displays data
for Ti-doped NbsSn wires (Ref. 13) for comparison. A SEM picture
of the cross section of the highest-doped sample (y;=1) is shown
in (c). Element analysis revealed residues of unreacted Ti, as indi-
cated by the arrow.
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nealed samples (0.5 u{) cm/at. %) were even lower.

These observations indicate an inhomogeneous distribu-
tion of the Ti in the NbsSn:Ti films, given that the micro-
wave measurements sense the effective film composition
only within about one skin-depth beneath the surface. At
87 GHz, the values of the skin depth range from about
230 to 530 nm, covering less than 20% of the entire film
thickness. A preparation-dependent concentration gradient
could indeed be confirmed by spectral analysis of the film
composition. From scanning electron microscopy (SEM) of
the cross section of cracked samples, structural inhomogene-
ities were observed, which could be associated with residues
of the original Ti layers. For the two highest doping concen-
trations, even traces of unreacted Ti were found, as illus-
trated in Fig. 1(c). These observations support the assump-
tion that the Ti diffusion remained incomplete after finishing
the conversion process.

The resistivity data, therefore, cannot be used as an abso-
lute, but merely a relative, measure of the Ti concentration.
Based on the linear variation of py(7,.) with the Ti concen-
tration, an effective doping yr; can be defined, by scaling the
dependences for the various sets of films onto a single linear
relation. The resulting values were then normalized to the
highest investigated concentration level, as eventually
adopted for Fig. 1(a).

C. Microwave measurements

The microwave measurements were performed at 87 GHz
using a cylindrical Cu-cavity resonator with the sample re-
placing one endplate.”?> The temperature-dependent quality
factor and frequency shift were measured for temperatures
between 4.2 K and room temperature. The raw data were
evaluated by the fully computer-controlled system in terms
of the complex-valued surface impedance Zg(7), i.e., the sur-
face resistance Rg(7T) and the change of the penetration depth
AXN(T). All measured data were corrected for the finite film
thickness and the sensitivity limit of the measurement system
(0.5 mQ)), as described in Ref. 22.

III. THEORETICAL BACKGROUND

The linear interaction of a superconductor with an elec-
tromagnetic field, whose frequency is sufficiently below the
gap frequency (w<<A/#), is described, in momentum space,
by an expression relating the quantum-mechanical current
density J(g,w,T) to the magnetic vector potential a(q, ) (¢

denotes the wave vector).?
1
J(g,0,T)= ;K(q,w, T)a(q,w). (1)
0

The complex-valued response function K(g,w,T) reflects the
material properties and represents a generalized form of the
complex conductivity
-iK
— =0=0,-i0,. (2)
W
The real and imaginary parts of the conductivity correlate
with the temperature-dependent fraction of normal charge
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carriers ny(T)oco; and superconducting charge carriers
ng(T) < a,. In the clean local limit, the two fractions are re-
lated by the simple two-fluid model expression ny(7T)=1
—ng(T), with ng(T) = 1/ wph *(T).

Microscopically, the superfluid density can be related to
the quasiparticle DOS by (Ref. 24)

N f( aﬂs,T))Ns(s,T)
N N O R

3)

0

with the Fermi distribution function f(g) and the relative
energy scale e=E—Eg. The condensation of quasiparticles
into Cooper pairs, in BCS theory, leads to the typical s-wave
DOS Ng(g)=Ny(0) X[1=(Ay/€)*]""2, causing the well-
known activated temperature dependence exp[(-A/kgT.)
X T./T]. Electronic interactions like, e.g., scattering, strong
coupling, or pair breaking, must be considered in addition,
causing a rounding and broadening of the square-root singu-
larity, or creating quasiparticle states within the gap. Similar
behavior arises if the order parameter deviates from the
s-wave symmetry. In turn, all these effects have an impact on
the conductivity o(T), possibly even turning the exponential
temperature dependence into a power-law behavior.??

The quantum-mechanical coherence among all quasiparti-
cle states induces a characteristic enhancement of ¢(7), the
so-called coherence peak, which occurs near below 7. Qua-
siparticle scattering affects it in a characteristic manner. The
peak is most strongly pronounced in the dirty limit (I <<&))
but disappears in the clean limit (1> §&)). Simultaneously, for
1< &), 05(T) exhibits a slightly increased curvature, which
decreases for /> §,. The strength of the phonon-mediated
pairing interaction affects o/(7) as follows. An increase of the
electron-phonon coupling constant A, leads to a reduction of
the coherence peak, while at the same time the curvature of
0,(T) increases. In conclusion, the differently changing sig-
natures of o(7T) and o(T) provide a simple phenomenologi-
cal distinction of effects caused by quasiparticle scattering
and pair-coupling strength.?¢

In the local limit, the surface impedance is determined by
o(T) as

iw
Zg= \g’ = Rg+ iwpo\. 4)

In the BCS limit, for 7<0.5T, the surface resistance and the
change of the penetration depth can be approximated by
(hw)®

4k,T
Ry(T) o« ——— ln(—B)exp(— Alk,T),
kBT w

A
AN(T) o« A/ T exp(— A/kgT). (5)
b

The exponential temperature dependence remains valid even
for strong electron-phonon coupling, but with a larger value
of the reduced energy gap. This so-called scaled BCS ap-
proach was proven to describe the surface resistance of
strongly coupled superconductors in the framework of
Eliashberg theory very well 27?8
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FIG. 2. Typical results for the temperature-dependent surface
resistance (a) and penetration depth (b), as measured (circles) and
calculated (curves) for undoped NbsSn films at 87 GHz. The insets
illustrate the exponential 7 dependence (further explanation in the
text). Real (c) and imaginary (d) parts of the temperature-dependent
microwave conductivity, as deduced from the measured surface-
impedance data (circles), and as calculated (curves). All data are
displayed in normalized units.

IV. EXPERIMENTAL RESULTS

A. Microwave response of undoped Nb;Sn films

Figure 2 displays typical measured results (symbols) for
the surface impedance [Rg and AN in (a) and (b)] and the
complex conductivity [o/ oy and (\y/\)? in (c) and (d)] for
undoped Nb;Sn films. The experimental data are compared
with the predictions of different theoretical models (curves).
To exclude effects due to grain boundary coupling, as docu-
mented in Ref. 21, only data for films with an average grain
size dg=700 nm were selected.

In detail, in Fig. 2(a), the measured Rg(T) is fitted to nu-
merical results calculated within the framework of the scaled
BCS theory. The calculations were performed with fixed val-
ues for T, and [ [as deduced from the resistivity, [
o 1/pn(T,)], varying only the parameters A/kT,, \;, and &,.
An excellent agreement between measured and theoretical
data was achieved with the values listed in Table I. The inset
in Fig. 2(a) illustrates the exponential dependence of Rg(7)
further. The approximation according to Eq. (5) (line)
yielded gap values that agreed with the numerically extracted
results.

Figure 2(b) displays fits of AN(T) to numerical results
based on BCS theory? (solid curve) and Eliashberg theory3’
(dashed curve), respectively, for the local limit. For the latter,
an electron-phonon coupling A,=1.5 was used, to comply
with the experimental A/kT, value of 2.0.3! The fits were
performed by fixing 7, to the measured value of 18 K and
varying the parameter \,, which is related to the London
penetration depth \; by Ng=\p (1+7&)/21)"> (Ref. 32). We
have found that the BCS theory always fitted the measured
temperature dependences better, but the resulting values for
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the London penetration depth were systematically lower by a
factor of about 2. In contrast, \; values resulting from the
strong-coupling theory corresponded to the expected value,
while the temperature dependence conspicuously deviated
from the measured data. To account for quasiparticle scatter-
ing, the fits implied the dirty limit, but the results for A,
remained unaffected at a level of less than 5%, even by mov-
ing to the clean limit.

As can be seen in the inset in Fig. 2(b), AN(T) can be
approximated by an exponential dependence up to 7<<T7_./2,
although implying gap values of up to 50% smaller than
expected from the R(T) data. These deviations reflect that
the temperature dependence of the penetration depth was less
curved than expected.

Figure 2(c) displays the temperature-dependent quasipar-
ticle conductivity, as deduced from the measured Zg(T) ac-
cording to Eq. (4), and as calculated with the BCS theory
(solid curve) and the Eliashberg theory (dashed curve).?® An
electronic mean free path of /=12 nm has been used
throughout. For the case of strong coupling, the electron-
phonon coupling spectrum «’F(w) enters the numerical com-
putation. We have taken a spectrum published in the
literature®® for Nb;Sn samples prepared by a Sn-diffusion
process similar to our films. However, evaluating o’F(w)
yielded a coupling constant of A.,=1.08, which is lower than
expected for Nb;Sn. This discrepancy has to be kept in mind
when comparing the numerical and experimental data.

The measured data indeed indicate the signature of strong
electron-phonon coupling. The slight deviations of the ex-
perimental data from the calculated curve can be attributed to
the AN(T) anomaly, which is mapped onto the temperature
dependence of o (T). Furthermore, the fact that the measured
coherence peak is lower than the computed result reflects a
higher A, value than suggested by Ref. 33.

Finally, in Fig. 2(d), the measured and calculated
\o’/N2(T) data are displayed. According to the values for A,
&y, and [ listed in Table I, a value of \y=125 nm was used for
all curves displayed in Fig. 2. The unexpected temperature
dependence of the penetration depth becomes most obvious
for the scaling used in Fig. 2(d).

B. Surface impedance of Ti-doped Nb3Sn films

The effects of Ti doping on the temperature dependent
surface resistance and the change of the penetration depth are
illustrated in Figs. 3(a) and 3(b). Shown are selected data for
three films with different doping concentrations, y1;=0, 0.13,
and 0.25.

Figure 3(a) displays the variation of Rg(T) with yr;. The
normal-state resistance increases monotonically with an in-
creasing doping level, reflecting the dependence of py(7,) on
XxTi- In contrast, a nonmonotonic variation of Rg is observed
in the superconducting state, as further illustrated by the in-
set in Fig. 3(a). The Rg values at T=0.72T, indicate a slightly
increased level for small Ti concentrations (yp;<0.13), fol-
lowed by a minimum around y;= 0.3. For x1;=0.6, Rg ex-
ceeded the level of undoped films for all temperatures. Fur-
thermore, a finite residual resistance was observed, which we
attribute to the presence of unreacted Ti. The curve repre-
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FIG. 3. Temperature-dependent surface resistance (a) and pen-
etration depth (b) for three films with different Ti concentrations.
The insets indicate the variations of Rg(0.72T,) and Ay with the
doping level in comparison with the theoretical expectations de-
scribed in the text.

sents the two-fluid model for Rg > crl)\03, assuming o */ and
No o (1+7&y/21)!72, as before. In qualitative accordance with
the experimental data, the calculated curve displays a mini-
mum near xr;=0.3, where the electronic mean free path
equals the coherence length (I=£;).*? Quantitatively, this fea-
ture is shallower than observed in experiment.

Figure 3(b) depicts the doping dependence of AN(T). To
determine A, the measured data were fitted to the tempera-
ture dependence calculated for A,=1.5, as discussed above.
The inset in Fig. 3(b) shows the resulting N\ values (circles),
which monotonically increase with increasing yr;. The curve
indicates the behavior expected for a reduction of the mean
free path caused by the quasiparticle scattering.

C. Energy gap, quasiparticle conductivity, and transition
temperature

To illustrate the impact of Ti doping on the electron-
phonon coupling strength more closely, Fig. 4 summarizes
the results for the reduced energy gap (a), the normalized
quasiparticle conductivity o,/ on(0.72T,) (b), and the induc-
tively measured transition temperature (c). The reduced en-
ergy gap A/kT, was deduced from the exponential Rg(7)
dependences according to Eq. (5). The normalized quasipar-
ticle conductivity at a fixed temperature near below the po-
sition of the coherence peak can be considered representative
of the peak height,?® as indicated in Fig. 2(c). The error bars
in Fig. 4(b) indicate a typical statistical parameter spread.
The experimental evaluation of the maximum value of o
would be less accurate than the choice of o/oy(0.72T,)
because of the greater impact of data scatter at the peak.

Figure 4(a) indicates a slight suppression of the reduced
energy gap for y1;<<0.13, with a minimum value of A/kT,
=~ 1.75. A further enrichment of Ti inverts this behavior, with
A/kT, rising to a maximum value of A/kT,~2.70. A corre-
sponding variation was observed for the quasiparticle con-
ductivity for the two ranges of weak and strong doping [Fig.
4(b)]. For x1;<<0.13, a slight increase of o/on(0.72T,) is
indicated compared to undoped films, while for y1;>0.13, a
reduction of o/ oy(0.72T,) is observed, at least up to about
x1i=0.75.

PHYSICAL REVIEW B 72, 094502 (2005)

3.0 —

S
b B +# + ._

AkT
»
..r._

1.8} Jyi -

' a) |

08t i .

CR\‘X 0.6} : —

& L ]

S o4l 4 ﬁ) -

R F + ]

© 02f | ++ .

3 E b) 4

0.0 f——t—1 : —

- : c -

1821 ) ]

18.1 | ;‘F{F i

2 180} -ghi-------- + ---------- 1
° Y

179k -

I 16.5K 15K 1

17.8 .— lﬂ=0-13 + * -.

177 L : " 1 1 N

00 03 06 09
Z Ti

FIG. 4. Comparison of the doping-level dependences of the re-
duced gap (a), the quasiparticle conductivity at 0.727, (b), and the
inductively measured transition temperature (c). The different sym-
bols represent the differently prepared samples (see Fig. 1). The line
at y1;=0.13 indicates the crossover from weak to strong doping
(further explanations in the text).

According to Fig. 4(c), the overall doping-induced varia-
tion of 7, remained small up to y1;=0.6. At a closer look,
reduced T, values are noticed for yr;<<0.13, reaching a mini-
mum of 7.=17.85 K, while higher Ti concentrations caused
a maximum of 7, at 18.15 K. The two highest-doped
samples eventually had distinctly reduced transition tempera-
tures of T,=16.5 K (x1;=0.75) and T,=15 K (yp=1), ac-
companied by a broadening of the transition width from
AT.=0.1 K to AT.=0.3 K.

D. Temperature-dependent penetration depth

Finally, the effect of Ti doping on the temperature-
dependent change of the penetration depth is discussed in
greater detail. The graphs shown in Fig. 5 are displayed on
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FIG. 5. (a) Comparison of the temperature-dependent variation
of the penetration depth measured for different Ti concentrations
(symbols) and as calculated (curves). Effects of quasiparticle scat-
tering (b1), electron-phonon coupling (b2), and magnetically in-
duced pair breaking (b3) on AN(7). T',, indicates the pair-breaking
rate (Ref. 30).

reduced semilogarithmic scales, to highlight the curvature of
AN(T). The measured data are compared with the results of
numerical calculations.

Figure 5(a) displays typical results measured for three
samples with different doping rates [yp;=0 (circles, top),
0.25 (diamonds, middle), and 1 (triangles, bottom)] but
which are otherwise identical. Obviously, the steepness of
AN(T) increases markedly for increasing doping levels yri.
Similar effects could be simulated numerically by varying
the quasiparticle scattering rate [Fig. 5(bl)], the electron-
phonon coupling [Fig. 5(b2)], or the pair breaking due to
magnetic impurities [Fig. 5(b3)]. The steepness of the
temperature-dependent penetration depth increases for in-
creasing scattering and coupling strength, but decreases for
increasing pair breaking. As can be seen in Fig. 5(a), at high
temperatures (1<T,/T<2), measured and calculated data
are in accordance if the effect of doping is considered to
enhance the electron-phonon coupling strength. At low tem-
peratures (T,/T>2) and small Ti concentrations, however,
the measured data display a linear temperature dependence
(dashed lines), whose contribution to the overall behavior
gradually decreases for increasing doping level. This contri-
bution eventually disappears in case of the highest investi-
gated Ti concentrations, where the calculated curve fits the
experimental AN(7) data over the whole investigated tem-
perature range. The corresponding electron-phonon coupling
constant A.,=1.85 is consistent with the large energy gap
A/kT,=2.6 deduced from the Rq(7) data.’!

In total, Ti doping affects AN(T) in two ways, namely, an
increasing curvature of the temperature dependence and a
reduction of the low-temperature “anomaly.”

V. DISCUSSION

An enhanced quasiparticle scattering rate due to the
gradually increasing occupation of Nb sites by Ti atoms is
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the most likely case that, at the same time, yields a consistent
theoretical description of the measured data. In turn, its ef-
fect on the surface impedance provides a relative measure of
the effective doping level. Additional scattering centers can
be provoked by the Ti atoms themselves but also by the
associated stoichiometry deviations, which are known to
strongly increase the resistivity. Phenomenologically, en-
hanced scattering is reflected by the simultaneously increas-
ing values of the normal-state resistivity py(7.) and the pen-
etration depth \(. For x1;<<0.13, the impact of scattering is
further apparent from the simultaneously rising height of the
coherence peak and the curvature of AN(T). Finally, the
slightly reduced values of A/kT, and T, at low doping, xr;
<< 0.13 (Fig. 4), can also be related to an enhanced quasipar-
ticle scattering rate, due to the related broadening and low-
ering of the Ny(E) peak close to Ep. Thus, a doping-induced
quasiparticle scattering is apparent over the whole investi-
gated doping range, and it seems to be even the dominant
mechanism for doping levels up to y1;=0.13.

Although even the nonmonotonic behavior of Rg(xr;) can
be qualitatively described by an increasing scattering rate,
significant discrepancies between experimental data and the-
oretical predictions remain. Furthermore, the effects ob-
served for y1;>>0.13 require additional explanations. Phe-
nomenologically, the increasing value of the reduced energy
gap, the decreasing height of the coherence peak, and the
increasing curvature of AN(T) are in accordance with the
expectations for an enhanced electron-phonon coupling
strength. Possible reasons for a strengthening of the pair in-
teraction are, e.g., an altered lattice parameter, an extended
phonon spectrum, or an enhanced quasiparticle DOS Ny(0).
Changes in the number of occupied quasiparticle states near
the peak in the density of states, the peak height, and its
proximity to the Fermi level are proven to affect the super-
conducting properties of NbsSn and, in particular, its
electron-phonon coupling strength.* Such changes were as-
sociated with stoichiometry deviations,® but could also be
induced by Ti doping. In fact, in Ref. 13, the Ti-doping-
induced alteration of the critical temperature was explained
on the basis of an electron-phonon coupling strength altered
by the electronic DOS. Hence, the T, values were interpreted
to directly reflect the doping-level dependence of A,. Even
though this explanation seems to be relevant, it cannot de-
scribe all of our observations, like the suppression of 7, at
higher doping levels. However, it is reasonable to assume
that unreacted Ti induces structural disorder effects that are
known to strongly suppress 7, in A15 superconductors.'?

The reason, finally, for the unexpected weakly curved
temperature-dependent penetration depth of undoped Nbs;Sn
films remains unclear. Potential impact on such behavior
could have the granular structure of the samples in terms of
the temperature-dependent Josephson penetration depth.3® As
detailed in Ref. 21, our two-step process enables us to adjust
the average grain size dg, as this parameter is controlled by
the thickness of the Nb-precursor film. Based on systematic
studies, granular effects were indeed shown to modify the
superconducting properties of NbsSn films, leading even to a
specific dependence of A\, on d. However, the AN(T) behav-
ior described in the present study did not exhibit any corre-
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lation with the grain size of the films. Moreover, the amount
of small grains with dg <<\, within one sample can be con-
sidered negligible. Therefore, granularity cannot explain the
depicted AN(T) behavior. While further studies are required
to answer this question, the variation of the microwave prop-
erties of the Nb;Sn films with the Ti-doping level still yields
a consistent picture.

VI. CONCLUSIONS

In conclusion, we reported the synthesis and microwave
characterization of Ti-doped high-quality NbsSn films on
sapphire. The temperature-dependent microwave response
was analyzed at 87 GHz. Surface resistance and the real part
of the complex conductivity of undoped samples were in
accordance with the expectations for a strong-coupling su-
perconductor, but deviations of the measured AN(7) from
theoretical expectations were uncovered, hinting at an ap-
proximately linear temperature dependence at 7<<0.57,.
Doping the Nb;Sn films with Ti caused a monotonic increase
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in the resistivity and the penetration depth. Furthermore,
nonmonotonic variations of the reduced energy gap, the qua-
siparticle conductivity, and the transition temperature were
observed. The impact on the temperature dependence of
AN(T) was an increased curvature and a suppression of the
low-temperature anomaly. The microwave data were evalu-
ated in terms of quasiparticle scattering and electron-phonon
coupling strength, both of which were assumed to be related
to a doping-dependent modification of the peaked quasipar-
ticle DOS near the Fermi level. Within this framework, most
experimental observations could be consistently explained.
Our study demonstrates that even classical superconductors
like Nb;Sn continue to provide an interesting area of re-
search of superconductivity.
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