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Superconductivity and atomic ordering in neutron-irradiated Nb, A1
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We have utilized the technique of neutron-induced disorder to study the effect of atomic ordering on
the superconducting transition temperature T, of the A-15 compound Nb, Al. Large depressions in T,
are observed when Nb3Al is irradiated with high-energy neutrons (E & 1 MeV) at 140'C. For samples
whose value of T, before irradiation was 18.7 K no superconductivity was oberved to 1.4 K after
irradiation to a fluence of 1.4 &( 10' n/cm'. The widths of the transition temperatures remain constant
as T, is depressed and T, is recovered by annealing at 750'C after irradiation. The Bragg-Williams
long-range-order parameter S was determined by least-squares analysis of neutron-diffraction data from

powdered samples both before and after irradiation. A reduction in S of 18% is observed for samples
irradiated to a fluence of 1.2 )& 10' n/cm'. For the same fluence T, is depressed to 52% of its value

before irradiation. The lattice parameter ao of the A-15 phase expands upon irradiation, increasing
from 5.183 A for unirradiated samples to 5.200 A for samples irradiated to 5.0 )(10' n/cm . The
results are discussed in terms of A-site occuptation in the A3B A-15 structure and extrapolations of T,
for complete order are considered.

I. INTRODUCTION

The effect of atomic ordering on the supercon-
ducting properties of compounds having the A-15
(P-W) structure has received considerable experi-
mental and theoretical attention in recent years. '
The view that has emerged from these studies is
that within a given system, the highest transition
temperature is obtained for a compound that exhibits
the maximum degree of order, i.e. , A sites oc-
cupied only by A atoms and B sites occupied only
by B atoms in the A,B phase. This is generally
found to be the case when the A atom is V or Nb and
the B atom is selected from either group IIIA or
IVA of the Periodic Table. Coupled with the con-
cept of maximum order is the notion of A-chain in-
tegrity arising from the fact that the A-15 structure
exhibits chains of A atoms arranged in a three-di-
mensional orthogonal array such that the distance
between atoms along the chain is smaller than the
distance between atoms in different chains. ' For a
given system, the maximum T, is obtained by occu-
pation of the A sites along the chain by A atoms.
Introduction of B atoms into the chains breaks the
continuity of the chain and results in a lowering of
T,. The underlying mechanism for this depression
of T, is presumed to be the sensitivity of the density
of states at the Fermi level to the continuity of the
A chains. ' ' Some recent low-temperature heat-
capacity measurements on low-T, (T, & 12 K) Nb-
and V-base A-15 compounds lend support to this
concept. ""

From an experimental point of view, the study
of the effect on T, of atomic ordering in A-15 com-
pounds is faced with several difficulties. It is nec-
essary to disorder the material homogeneously in
such a way that the stoichiometry remains un-

changed and the width of the superconducting tran-
sition, 4T„remains fairly narrow. Constancy of
composition is important because T, in many A-15
systems is dependent on stoichiometry, "so that
any changes in T, could notbeascribedunambiguous-
ly to disorder if the composition were to vary.
Relatively narrow transition widths are required if
a specific value of T, is to be associated with a
given degree of order.

The usual manner of producing disorder in A-15
materials is by quenching from an elevated temper-
ature. In this procedure a sample is quenched
from a suitable temperature, usually above 600'C,
to a much lower temperature as rapidly as possible
in the hope of quenching or freezing in" the dis-
order present at the higher temperature. The de-
gree of disorder produced in this fashion depends
on the particular system under consideration but
with the exception of a few cases, such as V,Au,
is relatively small. For many systems of interest,

g Nb3Al, Nb3Sn, and Nb36a, annealing temp er-
atures higher than 1000 C result in the precipita-
tion of second phases which tends to lower T, ."'"
Thus only in certain cases is quenching a satisfac-
tory technique. Another procedure used is that of
substitutional alloying, by which means disorder
is introduced by progressively replacing one of the
components in the A,B phase by a third element
rather than by interchanging the positions of the
atoms. This approach can yield ambiguous results
as it is often impossible to separate the effect of
disorder from the chemical effect due to alloying.

In this work, we have utilized the technique of
neutron-induced disorder to study the effect of dis-
order on the superconducting properties of A-15
compounds. ' Atomic rearrangment is brought
about as the result of displacement collisions be-
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tween energetic neutrons a,nd the atoms of the sam-
ple. This technique has several advantages over
the other procedures discussed above. First, the
disorder produced in this manner is homogeneous
because the cross sections are small and all parts
of the sample are exposed to a. uniform neutron
flux. Relatively narrow transition widths are thus
obtained. Second, apa, rt from the creation of neg-
ligibly small amounts of new elements, the compo-
sition of the alloy remains unchanged a,s disorder
is produced, eliminating any ambiguity in inter-
preting the results owing to compositional changes.
Third, we have found that the T, of the Nb-base
high-T, (T, & 18 K) A-15 compounds is quite sensi-
tive to high-energy-neutron irradiations. ' '" It is
therefore possible to study the effects of disorder
for a wide range of T, values. There are also dis-
advantages to this technique. One is that the sam-
ples are radioactive after irradiation. The amount
of radioactivity depends on the particular elements,
the quantity used, and the time of irradiation, but
usually is sufficiently large to require special
handling techniques. Access to a, reactor with rel-
atively high flux, -10 n/cm' sec, is also neces-
sary if the irradiations are to be completed in a
reasonable time. The irradiations also cause other
effects besides displacement collisions, e. g. ,
creation of vacancies, interstitials, and atoms of
new elements.

We have chosen to investigate atomic ordering
in the A-15 structure by making a. neutron-powder-
diffraction study on irradiated samples of Nb, A1.
Nb, A1 ha. s a relatively high T, (18.7 K) similar to
the other high-T, A-15 Nb-base compounds, Nb, Sn, '

Nb, Ga, ,
' Nb, (A1Ge), " a,nd Nb, Ge. " The difference

in the thermal-neutron scattering of Nb and Al is
large, so that changes in the intensities of peaks
in the neutron-diffraction pattern are quite sensi-
tive to the degree of disorder. The use of neutrons
rather than x rays eliminates ambiguities about the
scattering factors and the data are much less sus-
ceptible to preferred-orientation effects. Further-
more, it is possible to prepare almost-single-
phase Nb, A1, thereby greatly simplifying the in-
terpretation of the diffraction data.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The samples were preparedby arc melting pressed
powder compacts of 99.95% Nb a.nd 99.9% Alpowders
in a high-purity argon arc furnace using a noncon-
sumable tungsten electrode. The powders were
pressed to about 50, 000 psi and melted several
times; excess Al was added to compensate for Al

losses during melting. Two separate samples were
prepared, designated as Nb3A1(I) and NbsA1(II),
weighing about 4 and 8 gms, respectively. After
casting, the samples were wrapped in Ta foil,

sealed in quartz under —,
' atm of ultrahigh-purity

(UHP) helium, and annealed for 50 h at 750 'C.
A portion of Nb, Al(II) was analyzed to determine

the amount of Al and Nb present. Aluminum was
determined by atomic absorption spectroscopy
while Nb was precipitated as an organic complex
which was ignited to the oxide and weighed. " The
accuracy of the Al determination was 2% and rela-
tive precision of the Nb 0. 3%. This information,
together with the amount of second phase present,
obtained from the neutron-diffraction data, allows
the stoichiometry of the A-15 phase to be deter-
mined. Spectrographic analysis was also carried
out to check the concentration of impurities in the
sample.

Debye-Scherrer x-ray powder patterns were
taken before and after irradiation with a 114.5-mm
camera using Ni-filtered CuKQ. radiation. By us-
ing relatively short exposure times, about 1 h, and
very small quantities of material -1 mg, it was
possible to decrease the fogging of the film due to
the y-radiation background from the irradiated
samples to such a level that a clear diffraction
pattern for all samples was obtained. The lattice
parameter ao of the A-15 phase was determined by
a cos 8 extrapolation utilizing reflections in the
back-reflection region, to an accuracy of +0.001 A.

B. Irradiations

To prepare the samples for irradiation portions
of Nb, A1(I), crushed to —100 mesh, were sealed in
4-mm quartz tubes about 1.9 cm long under —,'atm
of UHP helium exchange gas. In this manner it
was possible to measure T, and to carry out anneal-
ing studies after irradiation without removing the
radioactive sample from the quartz tube. Keeping
the samples in quartz tubes was also found very
effective in minimizing radioactive contamination
due to any unforseen difficulties. Nb3A1(II) was
crushed before annealing to —100 mesh and pressed
into a disk 0, 635 cm in diameter and 2. 22 cm long
weighing about 3 g as relatively large samples
are required for the neutron-diffraction analysis.
Several portions of Nb, A1 (II) were removed after
annealing, sealed in quartz tubes as described
above, and used for T, determinations.

The irradiations were carried out in the Brook-
haven High Flux Beam Reactor (HFBR). The
quartz tubes were wrapped in Al foil, and placed
in Al capsules designed to accommodate up to eight
samples at a time. Aluminum foil was used to
promote thermal contact between the quartz sample
tubes and the Al capsules which were immersed in
the reactor's cooling water. The measured tem-
perature of the samples during irradiation was
140 C. All irradiations were carried out under as
nearly identical conditions as possible. The same
thimble was used (V15) for all irradiations and the
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fluence was determined by multiplying the time of
an irradiation by the fast flux (8 & 1 MeV), which is
knowntobe(1. 0+0.5) x10'4 n/cm sec. As the ir-
radiation thimble is located near the core of the
reactor, the samples mere exposed to the whole
neutron spectrum of the reactor. However as it is
unlikely that thermal neutrons cause sufficient dam-
age to affect the superconducting properties, only
the fast flux, E & 1 MeV, is considered here.

C. Determination of long-range order

The degree of long-range order (LRO) before
and after irradiation was studied by neutron-dif-
fraction analysis on powdered samples. All mea-
surements were made on Nb, Al(G).

The composition of the sample may be written as
(Nb, „Al„)[Al& „„Nb„~]= Nb, ~A1&.„,where the round
and square brackets denote Nb and Al sites, re-
spectively. The parameter y determines the de-
parture from the ideal stoichiometric ratio of 3Nb/
lAl and may be positive or negative depending on
whether the alloy is Al poor (& 25 at %) or A. l rich
(& 25 at. %). The parameter x determines the frac-
tional occupation of the Nb and Al sites by a par-
ticular atomic species. The parameters x and y
can be related to the conventional Bragg-Williams
long-range-order parameter S by noting that for
nonstoichiometric compositions one must assign
different values of S to each crystallographic site
as pointed out by Van Reuth and Waterstrat. In
our case we may define an order parameter for the
Nb or A sites, S„,and for the Al or B sites, S~,
in the following manner:

Ps —I's 4(x+y)
1 —r~ 3+y

where P„=(3-x)/3 is the fraction of A sites oc-
cupied by A atoms, I'~ =1-x-y is the fraction of
B sites occupied by B atoms, 1'„=(3+y)/4 is the
fraction of A atoms in alloy, and I's = (1 -y)/4 is
the fraction of B atoms in alloy. %'e note that for
stoichiometric alloys (i. e. , y =0) S„=Ss.The de-
viation from stoichiometry, y, was determined by
chemical analysis, which together with the amount
of impurity phase present fixes the stoichiometry
of the A. -l5 phase.

In order to determine g, and hence either S„or
S~, from a diffraction experiment it is necessary
to take into account several structural parameters.
The A-15 structure has the space group Pm3n(0„')
with the A atoms in the 6(c) sites at —,'0-,', —,

'
—,'0,

03 —„~0~,& 40, 02 & and the B atoms in the 2(a)
sites at 000 and —,

'
~ ~. The latter have point sym-

metry m3 and the corresponding Debye-Wailer

temperature factor is isotropic, denoted by P.
However, the Debye-Wailer factor for the 6(c)
sltesq which have point symmetry 42tB~ ls anlso-
tropic with two terms, P» and P». The correspond-
ing stx'uctule factox' may therefore be wlltten as

2r g(a/8+a/a+I /2)y -e(,y~4y2+g~I,
ge

r f Pff j(Pg/&+I/PP~ ggII(k +l'2)+8335~)je
+ (e2wi (0/4*5/ai) fBii(h +l )+tL3gk j

+~e~ an f(I-/4+&/3) i -E8~ j(a~+a~)+p, 33&~gqge (3)
where b~ and b~ are the average scattering ampli-
tudes of atoms in the A and 8 sites, respectively,
and h., A, l, have their usual crystallographic mean-
ing. W'e can express b„and ba in terms of the scat-
tering amplitudes of Nb and Al: b„=[(3 —x)/3] b»
+ (x/3) b„,and bs = (1 —x -y) b„,+ (x+y) bmb We.
have used values of (0.711a 0. 004) x 10 and
(0.345 + 0.001)x10 '~ cm for b~ and b„„respec-
tively, from a recent tabulation. ' For a stoichio-
metric alloy, i.e. , y =0, in which the temperature
factors are assumed to be zero, Kq. (3) yields the
structure factors given by Van Reuth and Water-
strat in their Table 4. Qnly a simple substitu-
tional order-disorder model of the above type was
considered, no attempt being made to allow for in-
terstitial or vacancy types of disorder.

Neutron data were collected with neutrons of
2.46-A wavelength from the (002) reflection of a
pyl olytlc graphite monochrometer. Contributions
from higher-order reflections were reduced to
negligible proportions by means of a pyrolytic
graphite filter. ' In addition data were collected
with neutrons of 1.25-A wavelength from the (311)
reflection of a germanium monochrometer in con-
junction with a pyrolytic graphite analyzer in the
(004) position for improved resolution at high angles.
Half-wavelength contamination is absent in this
case, and contributions from higher-order reflec-
tions were negligible.

In the angular region covered by the spectrometer
the 2.46-A data consisted of six reflections derived
from Nb, AI, together with a number of small im-
purity peaks which could all be indexed as arising
from Nb2Al. The strongest of these peaks was
about 2% of the intensity of the strongest Nb, Al
peak. The peak-to-background ratios are quite
favorable in this system and the sensitivity limit
for detection of the Nb2Al phase is about 0.05%.

The first problem in the data analysis was to
correct for the impurity phase, and this was sucess-
fully accomplished by simultaneous least-squares
refinement of the integrated intensity data from
both phases by means of a computer program which
allows overlapping peaks in a powder pattern to be
included. The peaks were assigned standard errors
of between 2 and 6/0 of the intensities depending on
factors such as background and overlap, or in the
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FIG. 1. Reduced transition temperature T,/T«as a
function of fluence ${E&1MeV). The curve is drawn as
a visual aid. Arrows indicate that no superconductivity
was observed down to temperature indicated.

case of the weak peaks simply the statistical error
when this was greater than 6%. Absorption cor-
rections were negligible (pB & 0.1) and no pre-
ferred-orientation effects were noted. The struc-
tural parameters of Nb2Al were fixed at the values
reported by Brown and Forsyth.

For the 2.46-A data, good intensity agreement
was obtained with three variables: instrumental
scaling constants for each phase (Nb, Al and Nb, A1)
and the parameter x. Agreement was not signifi-
cantly improved by the introduction of temperature
factors or deviations fxom perfect order in the
Nb, A1 phase. From these results and application
of the standard powder intensity formula, the
volume fraction of Nb2A1 was determined.

0

Refinement of the 1.25-A data was next under-
taken. In this case, there were 19 resolved peaks
and in order to obtain good agreement between ob-
served and calculated intensity values, it was ne-
cessary to include temperature factors. The
variables in this case were thus x, p, p$] p33 and
the instrumental scale factor. The data collected
at 1.25 A were corrected for the presence of the

Nb, A1 phase based on the results of the 2.46-A re-

finementt.

Data were collected in a similar fashion from
the irradiated sample but since the radiation levels
were quite high (several R/hr), about 2. 5 cm of
lead shielding was required in the vicinity of the
sample. The irradiated sample was enclosed in an
aluminum capsule which gave some overlapping
peaks on the diffraction pattern, so that fewer peaks
were available in the least-squares refinement than
for the unirradiated sample. Allowing for possible
compositional errors, and errors in the values of

bNb and b„„the maximum uncertainty in the order
parameter should not exceed a 0.02.

D. T, Determination

Superconductivity was detected by a mutual-in-
ductance technique operating at a frequency of 37

Hz. The sample was mounted on a single-crystal
quartz holder and inserted into the secondary coil
of a mutual-inductance pair which was located in
the outer vacuum jacket of a double-vacuum-space
Dewar. The double vacuum space enabled the mea-
suring coils to be kept at 4. 2 K while the sample
could be warmed to temperatures above 4.2 K by a
heater attached to the quartz. This avoided coil
drift at high temperatures. The temperature above
4. 2 K was determined by a 470-0 Allen-Bradley
carbon thermometer which was calibrated during
each run against superconductors with known T,'s.
Below 4. 2 K, the temperature was determined by
monitoring the vapor pressure of liquid He . The
accuracy of the T,'s are + 0.2 K.

III, RESULTS

A. Sample characterization

The results of the chemical analysis of Nb, AI(II),
coupled with the determination of the volume frac-
tion of Nb, Al present, gave the composition of the
A-15 phase as Nb0, 741+0,005 A10, 259+0~ 005 ~ The volume
fraction of Nb, A1 was determined to be 1.6/o. Sepa-
rate chemical anzlyses for Ta and 0 gave values of
0.18 wt. % in each case. ' Spectrographic analysis
gave the following impurities present: Fe, 1QQO

ppm; Si, 100 ppm; Mg, 50 ppm; Ba, 100 ppm; Cu,
50 ppm; and V, 100 ppm. These impurity levels
are too small to be of any significance in the struc-
ture determination. The relatively large amount
of Fe was traced to the original Al powder used as
starting material and is not believed to be impor-
tant as the T,'s were in good agreement with pre-
viously reported values for Nb3A1. ' ' 7 The lattice
parameter was 5.188 + 0.001 A for both Nb, A1(I)
and Nb, A1(II), also in good agreement with previ-
ously reported values. "'"

B. Transition temperature

The results of the effect of high-energy-neutron
irradiation on the T, of Nb, A1 is shown in Fig. 1.
T, is the onset of superconductivity after irradia-
tion, while T„is the value before. T„for Nb, A1(I)
and Nb, A1(II) was 18.7+0.2 and 18.6+0.2 K, re-
spectively. For Nb, Al(I) and Nb, AI(II) 50% of the
transition was completed within 0. 2 and 0.7 K, and
90% within 1.8 and 1.9 K, respectively. These
widths remained unchanged, within experimental
error, after irradiation.

The depression of T, up to a fluence of 10' n/cm~
is quite small, about 6% relative to the unirradiated
value, but subsequently T, is rapidly depressed as
a function of fluence. For a fluence of 1.2&10'
n/cm a depression in T, of 48% is observed while
for fluences in excess of 1.4x10'~ n/ cmno2super-
conductivity is observed at all down to 1.4 K, the
lowest temperature available in this experiment.

It is possible to recover T, by annealing the ir-
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FIG. 2. Neutron-diffraction pattern for unirradiated
Nb3A1{II} obtained at X =2.46 A and room temperature,

radiated samples. After exposure to a fluence of
5.0xl0~a n/cma, a sample of NbAlg}, which was
normal to l.4 K, increased its T~ to 15,9 K after
a 750 C anneal for 10 min. Further annealing for
20 min, at the same temperature increased T, to
16.2 K and an 80 min anneal resulted in a T, of
1V. V K.
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Figure 2 showers the diffraction pattern for unir-
radiated Nbshl(II) taken at 2.46 A. The main peaks
are due to the A-15 phase while the weaker peaks
are due to the presence of the impurity phase,
NbaA1. The strongest NbaA1 peak was about 2% of
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FIG. 3. Selected neutron-diffraction peaks for
Nb~Al(II) irradiated to different fiuences.

TABLE I, Comparison. of calculated and observed intensities for Nb&Al at 1.25 A.
Observed intensities corrected for Nb2Al,

P =5.8&&10'8 n/cm2 y=1 2&10" e/cm'
I Icalo Obs

0'
calo Jobs

214 213 11 94 91 6
725 725 35 388 398 15

overlap eath Al
1963 1906 80 1048 1015 50

56 51 6 25 36 6
81 94 8 36 39 4

758 705 30 379 369 9
overlap with Al

1639 1575 70 875 877 50
922 933 30 481 450 22

2088
828
860

0.044

30
30

R~ 18 cleflned as f +gg(E —I ) /~~~ j ~ = /Obs ogle~ ~ ~ Obsj ~ +' 1/0 ~ ~here & ls the error assigned to the
observed intensities.
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TABLE II. Least-squares values of x in
(Nb3 +I„)(Alf p4 %3' ()~ ()4) determined by least-squares re-
finement of neutron powder data collected at wavelengths of
2.46 and 1.25 A.

2. 46 A 1.25 A Average

Unirradiated

5 8 x 1018 yy/&nq2

p =-1.2 x10 n/cm

0. 095 + 0. 011 0. 097+ 0. 012 0. 096 + 0, 012

0. 155+0. 012 0, 180+0. 014 0. 168+0. 013

0. 208+0. 012 0.230 +0. 013 0. 219 +0. 013

the intensity of the strongest Nb3Al peak.
Figure 3 shows selected peaks after successive

irradiations. The intensity of the (110) peak, which
is sensitive to the degree of ordering, is apprecia-
bly reduced with respect to the (200) and (211)
peaks, which are relatively insensitive to ordering
effects. It is immediately clear that the sucessive
irradiations have produced increasing amounts of
disorder. This is confirmed by the results of the
least-squares refinements, shown in Tables I and
II. Table I gives the results for the calculated in-
tensities and compares them with the observed in-
tensities. Table II gives the least-squares values
of the parameter g from data collected at 1.25 and

2.46 A.
In these refinements the temperature factors

were held fixed at the values obtained for the unir-
radiated sample. Attempts to vary these for the
irradiated samples did not result in any significant
improvement, and also yielded rather high standard
errors. The values of p, p», and p33 were 0.0053
+0.0012, 0.0062+0. 0006, and 0.0040+0. 0008, re-
spectively. These temperature factors correspond
to rms amplitudes of vibration of 0.085 A for the
2(a) sites and 0.092 and 0.076 A for the 6(c) sites.
It is interesting to note that the amplitude for the
Gc(Nb) sites is significantly smaller in the direc-
tion of nearest neighbors in a given chain.

The Bragg-Williams order parameter S„orS~
can be obtained from Eg. (1) or (2), respectively.

The value of the compositional parameter y is
—0. 04, corresponding to 26 at. /o Al, and the val-
ues for S„andS~ are presented in Table III. Ta-
ble III shows the percent of Nb sites occupied by Al
atoms which in this case is just 100x/3. The ex-
trapolated values of S given in Table III were ob-
tained using the experimental result of Aronin'
relating the order parameter to the fluence for
Cu, Au and Ni, Mn. His result is S=S0e ", where
Sp is the initial value of the order parameter before
irradiation, S the value after exposure to a fluence
Q, and k a proportionality constant. Using our ex-
perimentally determined values of S we obtain a
value for k of (1.8+0.5)x10 ~o cm'/n, which can
be used to generate S values for fluences where S
was not measured directly.

The variation of S„with T,/T„is shown in Fig.
4. Also shown is the fractional occupation of Nb

sites by Al atoms. We see that in the range 0. 52
~ T,/T, 0~ 1, T, isalinear function of S„.The value of

T,/T, o =0.52 corresponds to a fluence of 1.2x10'9
n/cm, and for fluences greater than 1.4x10' n/
cm2 no superconductivity was detected down to
1.4 K. The values of S„for fluences above 1.2
x10 n/cm are extrapolated values obtained as
described above.

D. Lattice parameter

The x-ray Debye-Scherrer powder patterns are
shown in Fig. 5 as a function of fluence. We see
that up to a fluence of 5. 0&10' n//cm, the highest
used in this experiment, Nb, Al retains the A-15
crystal structure, but that successive irradiations
produce an expansion of the lattice. This is most
easily seen by noting the evolution of the (630) re-
flection. For unirradiated Nb, A1 the lattice pa-
rameter is too small for this reflection to be ac-
cessible. As a0 increases, the corresponding d
values increase and the reflection moves to lower
diffraction angles. After irradiation to a fluence
of 5. Ox 10' n/cm', the lattice has expanded a suf-

TABLE III. Summary of data for unirradiated and irradiated Nb3Al. .

Fluence
fII (n//cm~)

0

1.0 x lois
] pi8

1.2x10
1.4»Oi~

1.9 x loie

5. px10"

T (K)

18.6
17.6
13.6
9.6

normal to
1,4

normal to
1.4

normal to
1.4

0. 096+0.012

0. 168 + 0. 013
0.219 + 0. 013

A-site
order parameter

0. 88+ 0. 02
0. 86K

0. 79+0.02
0. 72~0, 02
0. 68

0. 62

O. 35'

B-site
order parameter

S~

0. 92+0, 02
0. 91
0. 83 + 0. 02
0, 76+0. 02
O. 72'

o. 65'

O. 37'

Lattice parameter
ao (A)

5.183+0.001
5.185 + 0. 001
5, 191+ 0. 001
5, 195+0. 001
not measured

not measured

5, 200+ 0. 001

% of Nb sites
occupied by Al atom

3.2
3.6'
5.6
7.3
8. 3~

9.8

16.8

aExtrapolated values —see text.
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FIG. 4. Reduced transition temperature T~/T~o against
A-site Bragg-Williams order parameter S& for Nb3A1.
Also shown is percent of Nb sites occupied by Al atoms.
Arrows indicate that no superconductivity was observed
to temperature indicated. o, directly measured S&, 6,
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ficient amount so that the (630) reflection now lies
within the accessible diffraction cone. The ap-
pearance of the (630) reflection, as well as the
decrease in the Bragg angle of the (622) reflection,
gives visual evidence of an expanding lattice, as is
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confirmed by measurement of the film as shown in
Table III. This expansion amounts to an increase
in ao at a fluence of 5.Ox10' n/cm~ of 0. 33% rela-
tive to its unirradiated value.

The variation of a& with T, is shown in Fig. 6.
%e see an approximately linear dependence of T,
on ao down to a T, value of 9.6 K, the latter corre-
sponding to a fluence of 1.2xl0' n jcm~. For
higher fluences no superconductivity was detected
to 1.4 K.

a (A)

FIG. 6. Transition temperature T, as a functional lat-
tice parameter ao for neutron. -irradiated Nb3A1. . Arrow
indicates that no superconductivity was observed to tem-
perature indicated.
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IV. DISCUSSION

The results presented here (see Table III) show
that the T, of Nb3Al is severely depressed when ex-
posed to high-energy-neutron irradiation Bt 140 'C.
To the best of our knowledge the depressions of T,
are the largest ever observed in this material, '
amounting to more than 93%%ug of the unirradiated
value. These large depressions of T, are also ob-
served in other Nb-base high-T, A-15 compounds
when similarly irradiated with high-energy neu-
trons. '4' ~"~" We note that the transition width
4T, remains unchanged as T, is depressed due to
sucessive irradiations and also that T, m3y be re-
covered by annealing at moderate temperatures
(750'C).

On the basis of these results, it is reasonable
to suppose that the principal effect of the high-en-
ergy-neutron irradiation is to bring about an ex-
change of atoms between the two kinds of sites in
the lattice as a result of displacement collisions
with the incident high-energy neutrons. This ex-
change results in a decrease in the degree of long-
range order, which thereby causes a decrease in T,

The results of the neutron-diffraction studies
presented here directly confirm this model and en-
able one to obtain a quantiative estimate of how
sensitive T, is to atomic ordering. We shall dis-
cuss our results in terms of the A-site order pa-
rameter S„in order to emphasize the role that the
A. site plays in these materials. From an experi-
ment of the type described here, it is not possible
to determine whether the degree of order in A or
B sites is more important with respect to T, .
However, other evidence exists which suggests
that, at least to a first approximation, A. -chain in-
tegrity is an important parameter affecting
T 3t4y8y11

C'

If we regard the presence of Al atoms on Nb sites
as an "impurity" on the A-site chain, then we can
express the depression of T, as a function of im-
purity along the chain. For Nb, Al we obtain a de-
pression rate, of 2.2+0.2 K per %%uo of Nb sites
occupied by Al atoms, for 9.6 —T,—18.6 K. In a
previous study of neutron-irradiated Nb3Sn, where
8& was not measured directly but inferred from a.

radiation-damage model, an initial depression rate
of 3.3 K per % of Nb sites occupied by Sn atoms
was obtained. " These depression rates are quite
large and indicate that the T,'s of Nb, Al and Nb, Sn
are very sensitive to atomic ordering. We can
speculate that this holds true for the other Nb-base
high-T, A-15 compounds, Nb, Ga and Nb, Ge, as
well. Similar depressions have also been observed
in the low-T, (I', = 3.22 K) A-15 compound V,Au

when disordered by quenching. We also note that
the magnitude of the depression rates observed
here are usually associated with a pair-breaking
or pair-weakening mechanism due to the presence

of magnetic impurities in superconductors, '
However, in this case the underlying mechanism
for the destruction of superconductivity is not
known.

Exchange of atomic sites is not the only effect
produced by neutron irradiation. We have also to
consider the possibility of transmutations to other
elements, the formation of vacancy-interstitial
pairs, and the possibility of creating highly dam-
aged or deformed regions, particularly at high
fluences. The concentrations of any new elements
formed due to thermal-neutron capture are calcu-
lated to be in the ppm range for the fluences used
here, ' and since T, is recoverable upon annealing
these impurities have no measurable effect on T, .
Although there have been no studies on vacancy-
interstitial formation in materials such as Nb3Al,
results for the temperature of migration of inter-
stitials in elements and compounds indicate that at
the temperature of the irradiation, 140'C, there
should be no free inter stitials. ' The concentration
of the remaining vacancies is difficult to determine,
but from studies on pure elements we estimate the
( 1 at. /o should remain for the fluences used here. "

Previous work on neutron-irradiated Nb3Sn at a
fluence of 10'~ n/cm~ has revealed the presence of
spots in electron micrographs' about 100 A in
diameter which have been interpreted as being
highly deformed or amorphous regions. How-
ever, both the x-rey- Bnd neutron-diffraction pat-
terns reveal that the Nb, Al studied here is crystal-
line with a well-defined diffraction pattern of the
A-15 phase, and no line broadening is observed
even at the highest fluence used, 5x 10'' n/cm~.
We, therefore, conclude that if there are such re-
gions in Nb, Al, they occupy a comparatively small
volume of the sample.

The spots that have been observed in Nb, Sn have
also been observed in Nb. However, the T, of
Nb is decreased only about 1/o for a fluence of
2x10' n/cm . Furthermore, the superconducting
properties of NbTi alloys are relatively insensitive
up to fluences of 10' g/cm'. " Thus even if simi-
lar deformed or amorphous regions exist in Nb, Al,
it is likely that their effect on depressing T, is
much less important than the effect of interchange
of atoms.

Irradiations to fluences of 1.4 x 10', 1.9 ~10',
and 5.Ox10'9 n/cma resulted in no observable su-
perconductivity for Nb3Al(I) down to 1.4 K. This
sharp drop in T, above 1, 2x10'9 n/cm~ was not ob-
served for an earlier sample of Nb3Al which showed
a transition of 3.5 K for a fluence of 5. Ox10' n/
cm~. " This latter sample received no heat treat-
ment after casting in contrast to the samples used
in the present study and was mounted for irradiation
in a different manner than the samples used here.
There exists the possibility of some &-ray heating
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during irradiation due to the different mounting
procedures which may have caused a slight increase
in T, . The possibility also exists that well annealed
samples are more sensitive to irradiation than as
cast samples. More irradiations are planned to
investigate this possibility.

The observed lattice expansion of Nb, Al can
readily be understood on the basis of the atomic
disorder produced by the irradiations. This ex-
pansion occurs because the radius of the Nb atom,
1.51 A, is considerably larger than that of the Al
atom, 1.39 A, ' in the A-15 phase so that the oc-
cupation of the Al sites by Nb atoms increases the
"effective" radius of the Al site. This increase
is not exactly compensated by the corresponding
decrease in the effective radius of the Nb site, so
that the lattice expands.

An approximate numerical estimate should be
given by the hard-sphere model of the A-15 struc-
ture as discussed by Geller. In this model the
lattice parameter of the A-15 phase can be written
as ao = (r„+ra) 4//5, where r„and va are the radii
of the A and B elements in the A-15 phase. The
above expression for ap assumes perfect order, and
stoichiometry. However, when there is a certain
degree of disorder one should calculate effective
radii based upon the occupations of the particular
site. In this case x~ =N„x„+N~x~, where N„is
the fraction of A atoms on A sites and N~ is the
fraction of B atoms on A sites and yz is the effec-
tive radius for the A site. An analogous expression
holds for y~. Using the site occupations as deter-
mined from the present experiment we can calculate
the increase in ap as a function of disorder. We
find that for the disorder produced by a fluence of
1.2x10' n/cm2, the calculated increase in ao is
0. 3%%up, which may be compared to the measured in-
crease 0.23/o.

It should be noted that the magnitude of the ob-
served lattice expansion is about the same as that
caused by compositional variations in the A-15
phase of the Nb-Al system. ' '28 Some caution is
therefore necessary in using lattice parameters
as a measure of composition in phase studies.

Finally, we would like to draw attention to the
fact that there is a significant degree of disorder
in the unirradiated sample (see Table III) although
the measured values of T, (18.8 K) and ao (5. 183 A)
agree well with previously reported values. ' ' 7

This implies that T, for completely ordered Nb, Al
would be higher than the commonly accepted value
of 18.7 K. In the present sample of Nbp 74 Alp pe&

3.2% of the Nb sites are occupied by Al atoms,
corresponding to a value of 0. 88 for S„.The maxi-
mum value of S„for this composition is 0.95 and
a linear extrapolation of the T,-vs-S„curve in Fig.
4 yields a T;. value of about 23 K for maximum or-
der.

A small amount of disorder may help to stabilize
the A-15 phase by increasing the effective radius
of the Al in the B site to some minimum value.
The instability of the Nb-base A-15 compounds
containing B atoms smaller than Al (e. g. , Ga, Ge,
and Si) tends to support this idea. This would im-
ply that the degree of disorder in Nb3Ga and Nb, Ge
is greater than in Nb, A1 and therefore the T,'s of
fully ordered stoichiometric Nb, Ga and Nb, Ge would
be considerably higher than the values of 20. 3, "
and 23.2 K, ' respectively, which are the highest
so far observed in these systems. It is clear that
quantitative measurements of order parameters in
Nb3Ga and Nb, Ge would be of great interest . Ex-
periments of this type are presently under way.

V. SUMMARY

The superconducting properties of Nb, Al are
severely degraded when exposed to high-energy-
neutron irradiation at 140 'C for fast fluences
(E & 1 MeV) above 10'~ n/cm'. Similar behavior is
also observed in other high-T, Nb-base A-15 com-
pounds. The transition widths remain constant as
T, is depressed, and T, is recoverable by anneal-
ing at 750 'C.

The A-15 structure is retained as T, is depressed.
The Bragg-Williams order parameter S determined
by least-squares refinement of neutron-powder -dif
fraction data decreases along with T, . The rate of
depression for NbaAl is 2. 2 +0. 2 K per %%ug of Nb sites
occupied by Al atoms in the range 9.6 ~ T,~ 18.6 K.

An expansion of the lattice parameter relative to
its unirradiated value of 0. 33/o is observed for
Nb, Al irradiated to 5, 0x10' n/cm . This expan-
sion can be qualitatively understood in terms of the
induced disorder and a hard-sphere model.
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