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Evaporated single-phase 415 NbsIr films were irradiated at room temperature with protons and
helium ions to study the influence of the induced defect structures determined by x-ray diffraction
measurements on the superconducting transition temperature 7,. A reduction in T, from 2.1 to 1.8
K was observed for energies deposited into nuclear collisions below 1 eV/atom. Beyond this thresh-
old T, increased and revealed values above the initial transition temperature of the unirradiated
films depending on the irradiation conditions: 2.8 K for proton and 3.7 K for helium-ion irradia-
tion. The changes in 7. were accompanied by a decrease of the Bragg-Williams long-range order
parameter, a defect structure consisting of static displacements of the lattice atoms with average rms
amplitudes in the range of 0.005 to 0.009 nm, and by partial amorphization. The maximum T,
value of 5.7 K was determined in totally amorphized films. Both the depressions and enhancements
in T, can be explained by changes of the electronic density of states at the Fermi energy due to

smearing effects.

I. INTRODUCTION

High-T, superconductors with the A 15 structure are
very sensitive to disorder. In recent years therefore many
investigations have been performed to study the influence
of particle irradiation on 7,. As a common result all
these experiments revealed a strong degradation of the su-
perconducting transition temperature which was correlat-
ed to structural defects and changes of the electronic
properties of the materials. Less attention has been paid
to the radiation-induced properties of low-T, A 15-type
superconductors. Exceptions are the irradiation studies of
Mo;Ge with a particles by Gurvitch et al.! and of Mo,Si
with high-energy sulphur ions by Lehmann and
Saemann-Ischenko.? In contrast to the behavior of the
high-T, A 15 superconductors, in these compounds T,
enhancements have been observed and related to disorder.
The disorder structure, however, has not been considered
in greater detail.

An increase of T, has also been observed in Nb;Ir sin-
gle crystals irradiated either with He or with heavy Kr
ions by Meyer er al.> Here the defect structure was stud-
ied by channeling-Rutherford backscattering experiments.
It was found that heavy-ion irradiation leads to amorphi-
zation of the A 15 structure with a T, value of 5.7 K. By
He-ion irradiation T, increases to about 3 K were accom-
panied by the formation of disorder consisting of small
static displacements of the target atoms with average dis-
placement amplitudes increasing with irradiation fluence.

It is known, however, that in high-7, 415 supercon-
ductors, T, changes are also strongly correlated with vari-
ations of the Bragg-Williams long-range order parameter
S, i.e., with the formation of antisite defects.* In addi-
tion, it was found previously that changes of .S are accom-
panied by the occurrence of static displacement values,
and it was assumed that these defects might be inherently
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interconnected.’ It was therefore of interest to include the
long-range order parameter into the discussion of defect
structures accompanying the 7, changes in disordered
low-T,. A 15 superconductors. To this end the channeling
studies of irradiated Nb;Ir single crystals have been ex-
tended to thin-film experiments with an emphasis on the
determination of S by x-ray diffraction measurements.
First results of these experiments have been reported al-
ready.®

II. FILM PREPARATION, IRRADIATION,
AND ANALYSIS

Single-phase polycrystalline 4 15 Nb;Ir films have been
prepared by simultaneous electron-beam evaporation of
niobium and iridium from two separate sources onto sap-
phire substrates at temperatures of 850°C. The pressure
in the evaporation chamber was typically 7 10~ Pa be-
fore and 8x10~° Pa during evaporation. The film
thicknesses and composition were determined by Ruther-
ford backscattering analysis.” The values ranged from
170 to 300 nm, and from 21 to 27 at % iridium for the
thickness and composition, respectively.

The superconducting transition temperature 7, was
measured resistively using a standard four-point probe ar-
rangement and inductively to discriminate between single
superconducting filaments and networks of such fila-
ments.

For the irradiation experiments, films have been select-
ed with compositions close to stoichiometry (23.5—25
at. % Ir). These films had residual resistivity ratios
r[=R(300 K)/R(4.2 K)] around 2 and the lattice con-
stant and 7, values were in the range of 0.5138—0.5131
nm and 1.6—2.1 K, respectively.

The irradiations were performed with 300-keV protons
and He™" ions at room temperature. The energy of the
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particles was high enough to provide a homogeneous ener-
gy deposition into nuclear collisions throughout the depth
of a film with the particles coming to rest in the substrate.
Some important calculated parameters concerning irradia-
tion, energy deposition, and defect production are summa-
rized in Table I. The data have been obtained either by
using the TRIM code of Biersack and Haggmark,® or, in an
approximate fashion with analytical expressions based on
the Nielsen and Coulomb potentials.® The values for Kr-
ion irradiation have been included for comparison.

The crystallographic structure, lattice constants, and
the order parameter S have been determined by x-ray dif-
fraction experiments employing a Guinier thin-film dif-
fractometer.!® The integrated line intensities have been
measured before and after each irradiation step and
analyzed by modified Wilson plots.!! In this procedure
the intensities of each line after irradiation are referred to
the corresponding lines before irradiation to overcome
possible influences of preferred grain orientation on the
x-ray intensities. Assuming that the dynamic behavior of
a crystal does not change under irradiation and neglecting
small changes of the diffraction angles 6 by the irradia-
tion, the following equation is obtained by taking the ratio
of the intensities after irradiation, I/, to those before ir-
radiation, I5y;, for an A 15 structure:

] o

In this equation u2 is the mean-square-displacement am-
plitude of the lattice atoms perpendicular to the reflecting
planes and C is the ratio of the material volumes ¥V, and
Vp contributing to diffraction before and after irradia-
tion, respectively. Fy; and Fj}; are the structure factors
before and after irradiation, and A is the x-ray wave-
length. Equation (1) has the form of a straight line if
In(IP/1°) is plotted versus sin’0/A%. The static displace-
ment values can be deduced from the slopes of such lines
while the intercepts on the ordinate yield | CF?/F°|2.
For the analysis of defect structures using Eq. (1), the
22 observed x-ray diffraction lines have been divided into
four groups shown in Table II. Within one group the

| Fia | ?

In(IB /T9) = — 167ugsin?0 /A% +1n a
| Fhia |
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concentration-dependent structure factors | Fy | of the
reflections Akl have the same functional dependence on
the Ir concentration 3, the atomic form factors fy;, and
f1r of the Nb and Ir atoms, respectively, and the Bragg-
Williams long-range order parameter S defined by the
equation:

S=[r—-1-B)1/[1—-(1-B)]

[ is the fraction of 6(c¢) chain sites of the A 15 structure
occupied by Nb atoms]. The common characteristics of
the structure factors Fj;; in the different groups are the
following: The reflections of the second group are in-
dependent of the order parameter S. Reflections of the
first and third group are the same with the exception of
the opposite sign of S. In the third group only the atoms
on the 6(c) chain sites contribute to the structure factor.
The reflections of the fourth group are the so-called su-
perstructure lines. Their structure factor is proportional
to S. This means that the second term in Eq. (1) reduces
to In[C(S?/5°)%] and appears suitable for the determina-
tion of the ratio of order parameters S? after and S be-
fore irradiation. It should be noted that the A 15 com-
pound Nb;Ir is well suited for the determination of the or-
der parameter, since the intensity of the reflections of the
fourth group is large due to the large difference between
the atomic form factors of niobium and iridium.

With the separation of the reflections into different
groups, the defect analysis was performed in the following
sequence.

(1) One obtains the mean-square-displacement ampli-
tudes u} of the atoms averaged over all sites from the
slope of the straight line of the group-1 reflections.

(2) With the result of (1), one gets the constant C from
the intensities of the group-2 reflections. It should be not-
ed that C may change during irradiation either due to ma-
terial removed by sputtering or to partial amorphization
of a sample.

(3) u} averaged only over the chain atoms is obtained
from the slope of the modified Wilson plot of the group-3
reflections.

(4) With the known value of C we can determine the ra-

TABLE 1. Calculated parameters for the ion target interactions in Nb;Ir. The parameters are defined as follows: E, incident ener-
gy of the particles; R,, and AR, projected range and range straggling of the incident particles, respectively; 7T,,, maximum energy
transfer to the target atoms; 7, mean energy transfer to the target atoms; o, total displacement cross section; npra, number of pri-
mary recoil atoms per incident ion and distance dx; A, mean free path of the incident particles between two collisions; S,, total energy
loss of a particle deposited into nuclear collisions; C; displacements per atom (DPA). Values with an asterisk have been obtained by
using TRIM code (Ref. 8). The other values have been determined with analytical formulas based on the Nielsen potential (Ref. 9) with
mass and Z values averaged for Nb;Ir. A displacement energy Ey of 25 €V has been assumed.

— n
E RY; AR} T, T ey ;’2" A S, %‘;—
Projectile  (keV) (nm) keV)  (eV) (cm?) (Atoms eVem® (cm?)
ionnm 10n atom

H* 300 1583; 280 10.1 150 1.9% 10~ 1 1.1x10~% 910 2.8%x 107" 5.9x10"1
2.7x10-17" 5.0x 101"
He* 300 818; 243 38.2 183 3.0x10°18 1.7 102 57 5.4x1071 1.1x107"
6.4 106" 1.1x 101"
Kr*t 700 143; 58 680.2 4124 7.03x 107 4.1x107! 2.4 2.9%x10°1 3.8x 1071
3.8x10- 8% 6.1x 10~ 15"
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TABLE II. Groups of reflections having the same structure factor Fjy in the A 15-type structure.
hkl are the Miller indices, S is the Bragg-Williams long-range order parameter,  the iridium concen-
tration, and f4 and f are the atomic scattering factors for the Nb and Ir atoms, respectively.

Group h k ) Structure factor
1 2 0 Y | Fra | =4{[1—BU+S)1f4+B(14+S)f5}
2 1 1
3 2 1
4 2 0
3 3 2
5 2 1
600 + 422
611 + 532
2 4 0 0 | Fua | =8[(1—B)f 4 +Bf5]
4 4 0
3 2 1 0 | Fpa | =4{[1—B(1—=S)1f4+B(1—S)fp}
3 2 0
4 2 1
520 + 432
6 1 0
4 2 2 0 | Frur | =8BS(fp—fa)
3 1 0
411 + 330
4 2 2
510 + 431
530 + 433
6 2 0

tio S2/S° of the order parameters before and after irradi-
ation using the axial section value on the ordinate of the
straight line through the data of the group-4 reflections.

III. RESULTS

The superconducting transition temperature T, of
proton-and helium-ion irradiated films is shown in Fig. 1
as a function of the mean energy density Q deposited into
nuclear collisions by the bombarding particles, which is an
integral measure of disorder. Q (1 eV/atom corresponds
to approximately 0.02 displacements per atom) is indepen-
dent of the ion species and is obtained as the product of
the nuclear energy loss S, as tabulated in Table I with the
applied ion fluence. The maximum fluences which could
be applied in the irradiation experiments without mechan-
ical disruption of the films due to bubble formation in the
substrate were of the order of 10'” ions/cm?. Therefore
the maximum @ values attainable were limited to 15
eV/atom for proton irradiation and 200 eV/atom for
helium-ion bombardment. The 7, behavior was depen-
dent on the Q ranges. For small Q values (<1 eV/atom)
and proton irradiation 7, decreased by about 14%][Fig.
1(a)]. The same observation, though less pronounced, was
made for helium-ion irradiation [Fig. 1(b)]. This is a new
effect not detected in the previous investigations, which
agrees with the “normal” behavior of high-T, A4 15-type
superconductors. For higher Q values T, increased above
its initial value and reached saturation values of 2.8 and
3.7 K for proton and helium irradiation, respectively. A

further T, enhancement up to 5.7 K was achieved by heli-
um irradiation at liquid-nitrogen temperature or by Kr-
ion bombardment at room temperature.

The normal conducting properties, i.e., the residual resis-
tivity ratio r and the residual resistivity py (4.2 K) are
shown in Figs. 2(a) and 2(b) for proton- and helium-
irradiated samples, respectively. r decreases and p, in-
creases very steeply in the damage range Q <1 eV/atom,
where the T, depressions were observed. In the Q range
where a T, enhancement occurred, r and py change at a
lower rate and saturate in the 7, saturation region.

It was the main intention of this paper to determine the
different types of disorder produced by ion irradiation
which lead to the observed T, changes. As an example of
the analysis of defect structures, modified Wilson plots,
i.e., plots of In(I?/1°) versus (sin’9)/A* according to Eq.
(1), are displayed in Fig. 3 for a sample irradiated with
1.5%10'® Het/cm? Straight lines have been fitted
through the data points of group-1, -3, and -4 reflections,
and the values for the lines 400 and 440 of group 2 have
been included in the figure. The intensity decrease of the
superstructure lines of group 4 is most pronounced. It
should be mentioned, that once the ratio of the order pa-
rameters SP/S° has been determined from the data of
this group, the absolute value S° can be deduced from the
axial section on the ordinate of group-1 reflections.!?
This procedure leads to a rather large error in the deter-
mination of S°. The estimated value of 0.96+0.04, how-
ever, is in good agreement with data of Fliikiger* reported
in the range of 0.93 to 0.97 for bulk NbsIr samples.
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FIG. 1. Resistively and inductively determined transition

temperatures T, as a function of the energy density Q deposited
into nuclear collisions for (a) proton- and (b) He-ion irradiated
Nb;Ir films.

The order parameter in the irradiated samples decreases
with progressive irradiation. This behavior is illustrated
in Figs. 4(a) and 4(b) for proton and helium irradiations,
respectively, where the ratio S?/S° is plotted versus Q.
The minimum order parameter observed for proton irradi-
ation is 0.4. For helium irradiation S saturates for Q
values above 30 eV/atom at a value of 0.3. This satura-
tion is thought to be due to a temperature-dependent
equilibrium between radiation-induced disordering and
radiation-assisted thermal ordering. Therefore a total dis-
ordering so far not observed in A4 15 compounds could
also not be achieved by ion irradiation performed in our
experiments at room temperature (RT).

A second disorder component deduced from the x-ray
analysis is a defect structure consisting of small static dis-
placements of the lattice atoms, already detected previous-
ly in other irradiated 415 compound thin films.>!31*
The quantitative data of the displacement values (u2)!/2
are shown as a function of Q in Figs. 5(a) and 5(b). The
observed increase of u depends on the ion species used in
the irradiation experiments. For proton irradiation [Fig.
5(a)] the static displacements are small in the Q range
smaller than 1 eV/atom. A distinct increase then is ob-
served for Q values up to 3 eV/atom and finally satura-
tion occurs at a value of about 0.007 nm for higher irradi-
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FIG. 2. Residual resistivity p, and residual resistivity ratio r
vs Q for (a) proton- and (b) He-ion irradiated NbsIr films.

ation fluences. For helium irradiation [Fig. 5(b)] the Q
range smaller than 1 eV/atom was not accessible. For
higher- Q values a behavior similar to that for proton irra-
diation is observed, although quantitatively the u values
increase in a larger Q range up to 30 eV/atom and satu-
rate at a value of 0.0085 nm which is larger than for pro-
ton irradiation. This value is only slightly lower than that
of 0.01 nm determined in the channeling experiments.®

A third defect type are amorphous regions detected in
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FIG. 3. Modified Wilson plots for a Nb;Ir film irradiated
with 1.5 10'® Het /cm?.
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FIG. 4. Ratio of the long-range order parameters S? after,
and S° before, irradiation versus the energy density Q deposited
into nuclear collisions. (a) Proton irradiation; (b) He-ion irradia-
tion.

samples irradiated with high fluences of He ions at RT.
We have found that about 15% of the x-ray intensity de-
crease in the Q range above 30 eV/atom could be ascribed
to partial amorphization since no material loss was ob-
served by sputtering. No amorphization was detected in
the proton irradiated samples within the detection sensi-
tivity of about 4%. Total amorphization was observed in
Nb;Ir films irradiated with He ions at liquid-nitrogen
temperature.

The lattice constant changes in the irradiated samples as
a function of growing disorder are consistent with the de-
fect types already discussed. The data displayed in Figs.
6(a) and 6(b) for He and p irradiation, respectively, depend
on the ion species and reveal in plots versus Q, a relation-
ship similar to the static displacement values. As long as
the displacement values are small as for p irradiations, the
variations of the lattice constants also are small, except
for a jump of a in the first irradiation step. This step
could be due to strain relaxation depending on the condi-
tion of the as-evaporated sample. With increasing values
of the static displacement, then also the lattice constants
increase and saturate in a Q range where the static dis-
placements saturate. The higher saturation value of the
lattice constant measured in the He-irradiated films coin-
cides with the larger displacement amplitudes produced
by He irradiation.

The experimentally observed correlation between the
changes of the lattice constant and the static displace-
ments are in accordance with discussions of Fliikiger.!?
Fliikiger argues that the variations of the lattice constant
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FIG. 5. Mean static displacement values (z2)!/? averaged

over all lattice atoms in the A4 15 structure plotted versus Q (a)
p irradiation; (b) He-ion irradiation.

and the distortions described by static displacements have
a common cause, namely a vacancy-type defect on the Nb
sublattice which occurs in a split configuration. Such a
defect type was detected in computer simulations of de-
fects in Nb;Sn by Welch er al.!® The occurrence of this
defect also may explain the observation in the proton-
irradiated films that the order parameter saturates at
higher Q values than the lattice constant and the static
displacements. In the helium-irradiated samples the sa-
turation range of the order parameter coincides with that
of the lattice parameter and the static displacements.
Here the occurrence of amorphous zones may act as a sta-
bilizing factor for a higher concentration of antisite and
other point defects.

IV. DISCUSSION

Different types of disorder like a decrease of the
Bragg-Williams long-range order parameter, chain buck-
ling described by small static displacements of the lattice
atoms, and partial or total amorphization have been ob-
served in Nb;Ir thin films upon ion irradiation. The su-
perconducting transition temperature 7T, revealed an
unusual behavior so far not observed in A4 15 supercon-
ductors, namely first a small depression for low irradia-
tion fluences followed by an enhancement above the initial
value for higher damage levels. Irrespective of the dif-
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FIG. 6. Lattice constant values a versus energy density Q
deposited into nuclear collisions in irradiated Nb;Ir films. (a)
Proton irradiation; (b) He-ion irradiation.

ferent types of disorder this behavior at least qualitatively
can be understood within the parameters determining T
in the theory of superconductivity. The T, depressions in
high-7, 4 15 compounds often have been explained by a
decrease of the electronic density of states (DOS) at the
Fermi energy, N(0), due to smearing effects by lifetime
broadening with increasing disorder.!” This picture has
been generalized by Gurvitch et al.! for low-T, A15
compounds with the example of Mo; Ge where a T,
enhancement has been observed by disordering. In this
compound the Fermi level in contrast to the high-7T, 415
superconductors is situated in the region of a low density
of states between two peaks arising from the bonding
bands at low energies and the antibonding bands at higher
energies. In this situation, due to smearing effects, N(0)
and thus T, are increased upon disordering. These argu-
ments are similar to those discussed previously to explain
T, changes in disordered bcc transition metals.!® The T,
changes in our experiments, showing a decrease followed
by an enhancement over the initial value at first glance,
seem to be an exception which is in contradiction to the
generalized picture. Energy-band calculations of Jarlborg,
Junod, and Peter,!® however, show that for NbsIr the Fer-
mi level is located at a small sharp peak adjacent to a
broader and higher maximum of the DOS. A continuous
smearing of such structures would thus first cause a
depression of N (0) due to a broadening of the small peak
before the contributions of the smeared adjacent large
structures lead to an increase of N(0). Presuming that
N (0) is the decisive parameter governing 7, in A 15 com-

pounds?®® smearing effects at least qualitatively explain the
observed T, changes also in NbsIr. A quantitative pa-
rameter coinciding with the T, variations is the residual
resistivity p, shown in Fig. 2. This parameter accord-
ing to Testardi and Mattheiss!” via the plasma
energy (2, determines the mean electron lifetime
T (p~'=(Q,) */4mh?) which directly enters the
broadening function which determines the quantity of
smearing of the DOS and thus the T, changes. A com-
parison of the 7, variations with the behavior of p, shows
that the largest T, changes are correlated with the largest
changes of p,, and saturation is achieved in approximately
the same irradiation ranges for both, p and He irradia-
tions. With these results the validity of the generalized
model discussed by Gurvitch et al.! could be extended to
low-T, A 15 structures composed of two transition met-
als.

It is of course tempting to correlate the T, changes
with the different types of disorder determined from the
x-ray data, though such a correlation can only be indirect
via the influence of the defects on the electronic and
dynamic properties of a superconductor. Only the highest
T. value of 5.7 K achieved at low-temperature irradia-
tions unambiguously can be ascribed to total amorphiza-
tion of the films in accordance with previous results of
the channeling experiments on bulk NbsIr crystals. At
lower irradiation fluences at RT two types of defects ap-
pear simultaneously; a continuous decrease of the order
parameter is accompanied by an increase of the average
static displacement values. Therefore the T, enhance-
ments cannot be uniquely assigned to a certain type of de-
fects. However, here a quantitative higher damage level
observed for He irradiations as compared to the p irradia-
tions leads to a larger increase of the residual resistivity
which may be considered as an integral measure of disor-
der and thus to a higher T, value.

It is a question of whether in the low damage region
(Q < 1) the observed decrease is solely accompanied by a
decrease of the order parameter. This is an important
point since chain integrity often has been discussed as an
important parameter for 7, in high-7, 415 supercon-
ductors, and it is a question of whether this argument also
applies to the low-7, compounds. Although the static
displacement values for Q <1 appear small and show lit-
tle variation a definitive conclusion cannot be drawn due
to the large uncertainty in the experimental data. It
should be noted that irrespective of the defects the resis-
tivity increases sharply in this damage range leading to
the T, decrease within the smearing model discussed
above.

V. SUMMARY

Different types of defect structures induced by particle
irradiation (p,He) have been determined by x-ray diffrac-
tion in Nb;Ir thin films. The disorder leads to an increase
of the resistivity and to T, variations revealing a 7, de-
crease for very low damage levels followed by a T.
enhancement above the initial value for higher irradiation
fluences. A unique assignment of the 7, behavior to dif-
ferent types of defects could not be performed since
several defect components appeared simultaneously and
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probably were interrelated. The highest T, value of 3.7 K
in a sample preserving the A 15 structure was observed for
high fluence He irradiation at RT. The defect types deter-
mined in this region were a low order parameter, static
displacements of the lattice atoms, and probably amor-
phous zones. The maximum 7T, value of 5.7 K was ob-
served in a totally amorphized film. The T, variations
microscopically could be explained by a model describing
changes of N (0) by smearing of sharp structures in the

electronic density of states. The residual resistivity which
enters the smearing model as a parameter is in accordance
with the observed T, changes.
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