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Thin films of metallurgically stable 415 superconductors, primarily Nb-Sn, V-Ga, and V-Si, have
been prepared by electron-beam coevaporation onto heated sapphire substrates. The specific heat of
these films at low temperature reveals that the width of the transition from the normal to the super-
conducting state varies from a low of 0.3 K for stoichiometric Nb;Sn to a high of 6 K for 415 Nb-Sn
prepared off-stoichiometry. The systematics of this transition width were probed by varying the
deposition parameters. A strong dependence is found on deposition temperature, composition, and
microstructure. The source appears to be a compositional inhomogeneity which develops at the film
surface during growth. A model is proposed for a new type of surface segregation applicable in a
growing film where the surface mobility is orders of magnitude greater than the bulk mobility.

INTRODUCTION

Materials which form with the 415 crystal structure
are well-known high-7, superconductors. Their high crit-
ical temperature T, together with large superconducting
gaps, large critical fields, and generally high critical
currents, make these materials of technological interest.
These compounds are generally written 4,_,B,, where,
typically, 4 is Nb or V and B is Sn, Ga, Si, Al, or Ge.
For a stoichiometric compound, x=0.25; if the compound
is ordered, the B atoms occupy bcc sites and the 4 atoms
occupy sites in nonintersecting chains along the cube
faces. Most of the compounds are metallurgically stable
over a range of x, which may or may not include x=0.25.
Reference 1 contains a review of the phase diagrams of
the A15 compounds. Thin films, grown by vapor deposi-
tion, are necessary for certain applications. In addition,
thin films of A15 superconductors have been used for
many of the measurements made in pursuit of a funda-
mental understanding of superconductivity in strong
electron-phonon-coupled materials in general and of the
cause of the high transition temperatures in the 415 ma-
terials in particular.

The specific heat of various 415 superconductors has
been measured and analyzed for bulk samples.>~° In this
study, we report on the first measurements of specific heat
done directly on as-deposited thin-film samples. The pur-
pose of measuring the specific heat of the thin films was
originally twofold. First, some of the highest-7, 415 ma-
terials, such as Nb;Ge, are metastable and are most readi-
ly prepared by thin-film techniques such as quenching
from the vapor. Some others of the A15 class, such as
Nb-Sn, are metallurgically stable, but have phase dia-
grams which make it difficult to prepare homogeneous
bulk samples at all compositions. Vapor-phase deposition
under ideal circumstances gives an extremely homogene-
ous mixture. Furthermore, specific heat is a reliable probe
of the homogeneity of the transition temperature of a ma-
terial, which in the A15 compounds translates directly
into a probe of the homogeneity, for length scales greater
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than the superconducting coherence length, of such ma-
terial properties as composition, impurities, disorder, and
strain. The second reason for measuring the specific heat
on thin films is that many of the fundamental measure-
ments on the 415 compounds are performed on thin-film
samples. It is therefore preferable to determine the micro-
scopic parameters available from analysis of specific-heat
data on the very same samples. In light of the results to
be presented in this paper, this second purpose was post-
poned.

The films are grown by electron-beam coevaporation
onto heated substrates. Films thus prepared have been
much studied from both a microstructural and a super-
conducting point of view. It was believed that optimized
deposition procedures had been found, at least for the
A15 compound Nb;Sn. However, upon measuring the
specific heat of a variety of A15 compounds, an anoma-
lous inhomogeneity in the superconducting transition tem-
perature was observed. This inhomogeneity is greatest in
the Nb-Sn system, the system believed to be the most
stable and best understood of the high-T. A15 materials.
The systematics of the inhomogeneity were probed by
varying the deposition parameters, such as film composi-
tion, substrate temperature, deposition rate, and back-
ground gases, and by annealing. Only the A15 com-
pounds believed to be metallurgically stable, primarily
Nb-Sn, V-Si, and V-Ga, are included in this study. The
observed results strongly suggest a compositional inhomo-
geneity which develops at the surface during the growth
of the film despite a homogeneous deposition. A model
for a new manifestation of surface segregation, applicable
in a growing film where the surface mobility is orders of
magnitude greater than the bulk mobility, is developed to
explain the results.

SAMPLE PREPARATION
AND CHARACTERIZATION
The films, which are typically 2-2.5 um thick, are
grown on (1102) (4 X1)-in.> nominally epitaxially pol-
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ished sapphire substrates in an electron-beam evaporator
designed by Hammond.!®!!' Two A-element sources with
a B-element source between them (arranged linearly) are
used in order to essentially eliminate any geometry-related
composition spread across the samples and to greatly
reduce any shadowing. This arrangement results in a sin-
gle composition per evaporation. The rate from each
source is individually monitored by chopped ionization-
gauge rate monitors. The signal from each rate monitor is
fed into a lock-in amplifier. The deviation from the
desired rate is then fed back to the electron-gun controller
for that source. The resulting rates are believed constant
within 1%. Background pressure during the evaporation
varies from 21078 to 21077 Torr and is primarily
methane. Substrates are clamped to a polished Nb block
by means of 0.015-in. Mo clips. This block may be heat-
ed to any temperature up to 1100 °C or cooled to liquid-
nitrogen temperatures. For the Nb-Sn system, previous
work had found that temperatures between 750 and
850°C produce well-ordered material, with no Sn loss
during evaporation.!? !¢ Rates of 10-30 A/sec yield op-
timal rate control. In addition, the tradeoff between slow
depositions to allow ordering and the resulting increase in
incorporated background-gas impurities is a factor in the
choice of rate. Similar deposition parameters were chosen
for the other 415 materials. For more details of sample
preparation, see Ref. 15 or 16.

Films thus prepared have been extensively character-
ized. Among the measurements made are inductive and
resistive TC,”"15 —18  transmission-electron microscopy
(TEM),'*18=20 x_ray diffraction,'>!>!7 sputtering Auger
proﬁle,15 resistivity, !> 1416 superconductive  tunnel-
ing,!>1>17:21  guperconductive critical currents and
fields, !> %1822 and rf surface losses.?

The specific-heat experiment was designed by Early for
the purpose of measuring submilligram samples.?* It is
especially suitable for the measurement of thin films
which are deposited directly onto the back side of a
0.005-in.-thick silicon-on-sapphire substrate. This sub-
strate should be identical to the sapphire substrates used
for the other measurements in all aspects except the re-
duced thickness. The front of the substrate contains the
doped photolithographically patterned Si thermometers
and heater used to make the specific-heat measurement.
The measurement is made by the relaxation method. The
estimated error is 5% in the sample heat capacity plus an
additional 5% in the specific heat due to uncertainty in
the sample weight. See Refs. 16, 24, and 25 for more de-
tail.

RESULTS

Figure 1 shows the specific heat of six 415 Nb-Sn sam-
ples with compositions spanning the accepted equilibrium
phase field. The lines are drawn to guide the eye and are
not theoretical fits. For clarity, several samples with in-
termediate compositions are not included in this figure.
These samples were prepared under ‘“‘standard” deposi-
tion conditions: substrate temperature T; of 800+30°C
and deposition rate of 10-20 A/sec. We will primarily be
concerned with the width of the superconducting transi-
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FIG. 1. Specific heat for six samples of 415 Nb-Sn spanning
the phase field. The samples were grown under standard deposi-
tion conditions: 7,=770-830°C, deposition rate of 10-20
A/sec, P <2x10~7 Torr. Lines are drawn through data to
guide the eye.

tion temperature; for a discussion of the microscopic in-
formation available from the specific heat, such as the
electron and phonon densities of states, see Ref. 16.

The specific heat of the stoichiometric film exhibits clas-
sic strong-coupled behavior. The values below 20 K are
within 2% of bulk literature values; those above 20 K are
within 49%.%?® The transition onset is 18.0 K and the
transition width is 0.3 K. This transition temperature
and width are quite comparable with the data presented in
the literature on bulk stoichiometric samples.>>%° By
contrast, the transition temperatures measured by specific
heat of the Sn-poor films are quite broad. The breadth of
the transition is greatest for the 22—at. % Sn sample, 5-6
K, and decreases towards each phase boundary. Surpris-
ingly, there is only one measurement of off-stoichiometric
Nb-Sn bulk material reported in the literature Vieland
and Wickland measured a 20-at. % Sn sample with a
sharp (0.5 K) transition and a T, onset of 8 K.?> Figure 2
shows the specific heat of a second 22-at. % Sn sample;
the dashed line shows the data for the 22-at. % Sn sam-
ple shown in Fig. 1. The two 22-at. % Sn samples were
prepared two years apart, one at 12 A/sec and
P=1x10"" Torr and one at 20 A/sec and 3107’
Torr, yet the results are virtually indistinguishable.

The transition width is defined as follows. In the nor-
mal state, C, can generally be written as y T +BT3+8T?
for T <®p /10, where yT is the electronic specific heat
and BT3+8T" is due to the lattice. Since T. in the Nb-
Sn system is never greater than 18 K and ®p X330
K,>*~%16 the specific-heat data were fitted to a polynomi-
al between 18 and 35 K. The onset of T, is then taken as
the temperature at which the C, /T data deviate from this
fit. The specific heat at low temperatures, where all ma-
terial is superconducting, must be written as a sum of the
lattice specific heat, which still may be written BT > +8T?>,
and the electronic specific heat in the superconducting
state, C,s. Even in a homogeneous material, C, is not a
simple function of temperature, due to the fact that the
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size of the superconducting gap itself is a function of tem-
perature. Parks?’ and Daams and Carbotte®® contain
good discussions of the specific heat in the superconduct-
ing state. From a figure in the paper by Daams and Car-
botte, it may be seen that between approximately 0.67.
and T., C,. /T versus T? is approximately linear for both
strong- and weak-coupled superconductors, due to the de-
tails of the various contributions to the temperature
dependence. In an inhomogeneous material, C,; must be
written as a sum of contributions from regions which have
different T., y, and electron-phonon-coupling constant
Aeph- The proximity effect will further complicate this
sum. For simplicity, the lower end of the transition was
therefore taken to be the temperature at which C, /T was
clearly deviating negatively from a straight line in T2
The breadth of T, and the construction used to determine
it are shown in Fig. 2 for a representative sample.

This obviously imprecise definition is necessitated by
the complexity of the problem. Even in the homogeneous
stoichiometric material, a straightforward fit to the data
above T, causes the calculated entropy in the normal state
to be far larger at 7, than the entropy in the supercon-
ducting state, violating thermodynamic requirements.
This fact introduces an extremely large uncertainty into
the lattice specific heat, the electronic specific-heat
coefficient y, and the electron-phonon-coupling correc-
tions, as described in all references to the specific heat of
A15 Nb;Sn.2#~%16 This uncertainty makes unambiguous
determination of the lattice specific heat below T, virtual-
ly impossible. In low-T. A15 Nb-Sn, the straightforward
fit yields too small an entropy at T,.'® Near 22 at. % Sn,
the straightforward fit yields the correct entropy;'® howev-
er, this fact should not be taken to mean that the lattice
specific heat of a 22-at. % Sn sample is now understood.
Nevertheless, as a best effort, the data for the two
22-at. % Sn samples shown in Fig. 2, which have the
broadest transitions measured, were fitted in more detail
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FIG. 2. Specific heat for two 22—-at. % Sn Nb-Sn samples.
The samples were grown two years apart. The dashed line is
taken from the data shown in Fig. 1 for the 22—-at. % Sn sample.
The deposition rate was 12 A/sec and the background pressure
was 13X 1077 Torr. The solid line and data points are for a sam-
ple grown at 20 A/sec and 3 107 Torr. The construction for
determining the transition width is indicated for the solid line.

in order to test the approximation to the transition width
described above. The fit was made by using the total lat-
tice specific heat and average electronic specific heat y as
determined from the data above 7., and a weighted sum
of BCS terms with reasonable values for ¥y and 7, as-
sumed. The 10%-90% points of the weighting gave a
width in 7, of 6 K for each; the onset and finish of the
transitions were the same as those determined by the pre-
vious method to the accuracy that the discreteness of the
terms in the sum could allow.

The broad transitions of these Nb-Sn samples are
reflected in other bulk measures of the superconductivity,
specifically critical currents,'*!® superconductive tunnel-
ing,'> and rf surface losses.?> The inductively or resistive-
ly measured 7. does not appear broad because these mea-
surements are sensitive to continuous filaments of high-T,
material and are insensitive to regions of low-7. material
between. Even the samples with the broadest transition
widths as measured by specific heat show only a 0.7-K
width when measured inductively.

A broad transition temperature is an indication of an
inhomogeneity in the material properties of the sample.
This inhomogeneity must occur on a length scale greater
than the Ginzburg-Landau superconducting coherence
length £ at T=0, which in the 415 superconductors is
approximately 50 A. The factors affecting 7. in these
materials are strain, order, composition, and impurities.
For reasons to be discussed below, it is believed that an
inhomogeneity in composition is the source of the broad
T.. If it is assumed that 7, changes nearly linearly with
composition, as experiments suggest, then a spread of 5-6
K in transition temperature for Nb-Sn corresponds to a
spread in composition of 2—3 at. % Sn.

Figures 3 and 4 show the results for V-Ga and V-Si
prepared at 750 and 800°C, respectively, at 20 A/sec.
The V-Ga system is of particular interest since the 415
structure is the equilibrium phase from 20-30 at. % Ga;
hence, the behavior of B-element-poor A15 material may
be compared with that of B-element-rich 415 material.
Figure 5 summarizes the composition dependence of the
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FIG. 3. Specific heat for four samples of 415 V-Ga spanning
the phase field. The deposition conditions were T, =750°C,
deposition rate of 20 A/sec, P =3 %108 Torr.
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transition width for the various A15 films measured.
Nb-Sn exhibits the largest effect, although it should be
noted that the change in 7, with a given change in com-
position is nearly 50% greater in the Nb-based com-
pounds than in the V-based ones. Hence the maximum
width for V-Ga, 2.5 K, implies a composition spread of
1.5-2 at. % Ga, which is two-thirds of the maximum
composition spread estimated for Nb-Sn. In the V-Ga
system the composition dependence of the transition
width is asymmetric about the stoichiometric composition,
even though the composition dependence of the transition
temperature itself is symmetric. Measurements of the
superconductor—insulator—normal-metal (SIN) tunneling
spectrum for 415 V-Ga of various compositions further
support the conclusion; they find an asymmetry in the
composition dependence of the breadth of the supercon-
ducting gap despite the symmetry in the gap itself.!’
Thus, the origin of the inhomogeneity is itself a function
of composition. This seemingly minor statement is
sufficient to rule out many proposed explanations of the
inhomogeneity.

In order to uncover the origin of the inhomogeneity, its
systematics were probed by varying the deposition condi-
tions. The Nb-Sn system was chosen since the effect is
greatest here. Figure 6 shows the specific-heat results for
the Nb-Sn samples measured before and after an 800-°C
anneal for 24 h. Since diffusion in the bulk of the 415
materials is expected to proceed by vacancy motion
only,”’ annealing at temperatures below half the melting
temperature is expected to allow only local motion of the
atoms, such as ordering, rather than substantial diffusion.
Higher-temperature anneals destroy the doped silicon-on-
sapphire devices used to measure the specific heat, and
cause excessive Sn loss from thin-film samples, presum-
ably from the grain boundaries and surface of the films.
The small changes seen in Fig. 6 are, in fact, a result of
an increase in order. The residual resistivity of both sam-
ples decreased slightly. This decrease caused no change
in the T, of the stoichiometric sample. It caused a slight
increase in T, of the off-stoichiometric sample, but no de-
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FIG. 4. Specific heat for two samples of 415 V-Si spanning
the phase field. The deposition conditions were T;=800°C,
deposition rate of 20 A/sec, P =3 10~% Torr.
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FIG. 5. Composition dependence of the width of the transi-
tion temperature as measured by specific heat for Nb-Sn, V-Ga,
and V-Si.

crease in transition width. It is interesting to note the
changes in the normal-state specific heat of the off-
stoichiometric sample. The increase in 7, is accompanied
by a reduction in the slope of C, /T versus T2, and an in-
crease in the extrapolated intercept of C, /T to T=0. The
former corresponds to an increase in the average phonon
frequencies, such as the Debye temperature ®,. The
latter corresponds to an increase in the renormalized elec-
tron density of states.

To probe the effect of deposition rate on the transition
width, a series of three samples were made under nearly
identical conditions with deposition rates from 7 to 20
A/sec. No apparent change in transition width was ob-
served. However, a strong dependence on deposition tem-
perature is found. Nb-Sn samples were grown at temper-
atures ranging from 200 to 1000 °C, resulting in drastic
variations in the surface mobility of the atoms during
growth. Samples deposited below 800 °C are less well or-
dered than those deposited at 800°C and have corre-
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FIG. 6. Specific heat for 25— and 24-at. % Sn Nb-Sn sam-
ples grown at 800 °C before and after an anneal at 800°C for 24
h. Points show data taken after the anneal; lines show data tak-
en before.
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spondingly depressed transition temperatures. Therefore,
all samples grown at deposition temperatures below
800 °C were subjected to a subsequent in situ ordering an-
neal at 800°C for 24 h. This anneal brought the induc-
tively measured transition temperature up to that of sam-
ples of similar composition grown at 800 °C. As shown in
Fig. 6, this anneal has a minimal effect on samples depos-
ited at 800°C. Samples were not grown at deposition
temperatures above 1000 °C due to extreme Sn loss during
the evaporation. Figure 7 shows the specific-heat data for
two of the off-stoichiometric samples grown below 300 °C
and annealed at 800°C for 24 h. The transition width is
reduced to 1.5 K, which we believe may be the intrinsic
limit of the homogeneity of the deposition. Figure 8
shows the data for an off-stoichiometric sample grown at
1000 °C. The transition width is approximately 2 K. The
solid lines in both Figs. 7 and 8 are taken directly from
the lines shown in Fig. 1 for “standard” samples deposit-
ed at 800°C. Results for samples grown at 450 and
600 °C may be found in Ref. 18.

Figure 9 summarizes the transition width versus depo-
sition temperature for three representative compositions,
19-20 at. % Sn, 22 at. % Sn, and 25 at. % Sn. The data
for the off-stoichiometric samples exhibit a broad max-
imum between 600 and 800 °C. The increase in transition
width seen in the stoichiometric samples grown at re-
duced substrate temperatures and subsequently annealed
is not understood. The anneal brings the entire inductive-
ly measured TX and the onset of the transition measured
by specific heat to the full value, but the transition width
measured by specific heat is 1.4 K. Our best hypothesis is
that some regions of the samples are incompletely ordered
even after the 24-h 800-°C anneal. Results on splat-
quenched and annealed Nb;Pt do suggest that ordering
may be incomplete after 24 h.%

Upon examining the microstructure of the samples
grown at 900°C and above by transmission electron mi-
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FIG. 7. Specific heat for two Nb-Sn samples grown at a sub-
strate temperature below 300°C and annealed for 24 h at 800°C.
The solid line shows a standard result for a deposition tempera-
ture of 800 °C.
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FIG. 8. Specific heat for a Nb-Sn sample grown at 1000°C.
The solid line shows a standard result for a deposition tempera-
ture of 800°C.

croscopy (TEM), it was discovered that they are single
crystal. It was also discovered that certain of the samples
grown at 800 °C were single crystal as well, presumably as
a consequence of better substrate cleaning or polishing.
The vast majority of the 800-°C samples, and all the sam-
ples whose specific heat is shown in Figs. 1 and 2, are
polycrystalline with an average grain size of several
thousand angstroms. References 18 and 20 contain the
TEM micrographs and selected-area-diffraction (SAD) im-
ages of the single-crystal and polycrystalline samples, as
well as a discussion of the characteristic defects in each.
Figure 10 compares the specific-heat data for a single-
crystal sample grown at 800°C with a polycrystalline
sample of identical composition grown under virtually

at. % Sn
6 A 19-20 °
[ ] 22
Isth 25
=]
ES
4..
Z
=}
[
(2]
-4
S
E2r
s
0 1 1 | 1 ! 1 1 1 1

200 300 400 500 600 700 800 900 1000
Tg (°C)

FIG. 9. Deposition temperature dependence of the transition
width as measured by specific heat for three compositions of
Nb-Sn.
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identical deposition conditions. The specific-heat data
both above and below T, are identical, but the transition
width of the polycrystalline sample is 4 K, while that of
the single-crystal sample is 2 K, very close to the
presumed limit of deposition homogeneity. Two other
Nb-Sn samples grown at 675 and 750°C, respectively,
during the same period of time also show a slightly re-
duced transition width. X-ray-diffraction and TEM mea-
surements on these two samples show that, while they are
not single crystal, they are more oriented than usual.

A correlation of transition width with microstructure
was also seen in superconductive tunneling results on A15
V-Ga.!” Briefly summarizing, a double-gap structure is
seen in the tunneling data for Ga-poor samples grown on
sapphire substrates. When Ga-poor samples are grown on
an amorphous Si;N, substrate, the double gap goes away.
X-ray measurements show that the former are double-
textured (200) and (210), while the latter have no strong
texture.

DISCUSSION

We will first summarize the results presented in the
preceding section. Next, we will draw some basic con-
clusions as to the possible source of the inhomogeneity
and will rule out several trivial explanations. We will
then present the outline of the model developed to explain
the results; the full details will be presented elsewhere.
Finally, we will consider a couple of alternate and, we be-
lieve, less satisfactory models.

To summarize the results section:

(1) Certain of the Al5 compounds prepared by
electron-beam codeposition onto heated substrates at com-
positions believed to be metallurgically stable exhibit
broad transitions to the superconducting state as mea-
sured by specific heat. This broad transition must be due
to an inhomogeneity in the material properties of the sam-
ple. The inhomogeneity is greatest in off-stoichiometric
Nb-Sn, followed by Ga-poor V-Ga. Stoichiometric Nb-Sn
has an extremely sharp transition. Ga-rich V-Ga and
both stoichiometric and Si-poor V-Si are relatively sharp.
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FIG. 10. Specific heat for single-crystal Nb-Sn sample grown
at 800°C. The solid line shows a standard polycrystalline sam-
ple also grown at 800 °C.

Figure 5 summarizes these results. Annealing a
stoichiometric and a Sn-poor Nb-Sn sample for 24 h at
800 °C leaves both transition widths unchanged, as shown
in Fig. 6.

(2) The transition width for off-stoichiometric Nb-Sn
does not appear to depend strongly on deposition temper-
ature between T, =600 and 800°C or rate between 2.5
and 60 A/sec. For deposition temperatures of 450 °C and
below with subsequent annealing, however, the transition
width drops sharply. In addition, for deposition tempera-
tures of 900 °C and above, the width drops sharply. Fig-
ure 9 summarizes the dependence of the width on deposi-
tion temperature for 415 Nb-Sn. The samples grown at
900 °C and above were found to be single crystal.

(3) The transition width correlates with the microstruc-
ture. In particular, a single-crystal sample has a transi-
tion width much reduced compared to a polycrystalline
sample grown under essentially identical conditions, as
shown in Fig. 10. Tunneling studies on V-Ga, the results
on samples grown at 900 and 1000 °C, and other results
discussed in the Results section also support this con-
clusion.

Nb-Sn samples with the largest transition widths were
probed for macroscopic inhomogeneity as follows. A
sample was broken into small pieces and the inductive T
for each piece was measured. Lateral variations in T, on
a large length scale (0.1 in.) would cause these pieces to
have different transition temperatures, which they did not.
To test for variations in T, through the sample thickness,
the top ~1000 A of one sample was chemically etched
away and its inductive T, measured. This etching and
measuring sequence was repeated until the sample was
completely etched through. Using a technique developed
by Howard, a second sample which was deposited on a
copper-niobium bilayer was lifted off by etching the
copper away.’! The sample was attached face-down to a
substrate and the above etching and measuring procedure
was repeated from the back side. No change in the induc-
tive T, was observed until the samples were less than
~1000 A thick. This etching and measuring technique
only rules out monotonic variations in T,; it cannot test
for fluctuations through the film thickness since the induc-
tive T, measures the highest-7, material.

The most likely source of the broad transitions is a lo-
cal variation in composition. Relatively small variations,
on the order of 3 at. % Sn, can change the 7, of A15
Nb-Sn by the 6 K found between the onset and finish of
the broadest transition. The 7, of 415 superconductors
can also be influenced by such properties as strain, site-
antisite disorder, or impurities. However, producing a 6-
K change in the 7, of compositionally homogeneous Nb-
Sn by introducing any of these factors requires unreason-
ably large values. Moreover, it is difficult to image that if
strain, disorder, or impurities were large enough to reduce
the 7. by 6 K off-stoichiometry, the stoichiometric ma-
terial would remain untouched. Finally, as will be shown
in the next two paragraphs, the temperature and micros-
tructure dependence of the width would be difficult to ex-
plain.

Consider first the evidence against strain as the source
of the transition width. It is unlikely that a single-crystal
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sample would be under significantly less strain than a
polycrystalline one, yet Fig. 10 showed that the transition
width of the single-crystal sample is less than that of the
polycrystalline sample grown under the same conditions.
Also, since the primary source of strain is presumably the
substrate, the breadth of the transition would be due to a
monotonic increase in 7, through the sample, a possibility
which was ruled out above.

Consider next the evidence against disorder and impuri-
ties. It is difficult to envision any scenario in which sam-
ples grown at 800°C could be substantially less homo-
geneously ordered or contain more impurities than sam-
ples grown both at higher and lower T;. It would, for ex-
ample, be necessary to postulate that an initially disor-
dered sample, deposited at 7, <450°C, which was then
annealed would be more homogeneously ordered than an
initially well-ordered sample, deposited at 800 °C, which
was also annealed. Finally, since samples grown at
different deposition rates, different background pressures,
or different ratios of deposition rate to pressure possess
identical transition widths, impurities are an unlikely
cause. Also, upper limits of tenths of atomic percent im-
purities (well below the level necessary for a 6-K change
in T.) have been set on these films by Auger depth
profiling and electron microprobe.

Composition, therefore, is by far the most likely source
of the transition width. Careful measurements in an x-ray
diffractometer show a broadening of the high-angle peaks
in off-stoichiometric Nb-Sn.'® The peak width and the
composition dependence of the width are completely con-
sistent with composition as the origin of the broad transi-
tion and with the composition dependence seen in Fig. 5.
Electron microprobe, which has a relative accuracy of
tenths of an atomic percent, was used to probe for compo-
sitional variations on all length scales greater than the
minimum probe size of 1 um. Samples were tested exten-
sively for lateral compositional inhomogeneity. To probe
variations with depth, a sample was ground at a 2° angle
to expose successive depths through the sample; again, the
electron microprobe was used. In both cases, results were
negative. To probe on a still smaller length scale for the
inhomogeneity, the samples were examined by scanning
transmission-electron microscopy with energy dispersive
x-ray analysis (STEM-EDX). The probe size of this
method is on the order of 100 A. Unfortunately, the
compositional resolution is only =+ several at. %, which is
worse than the expected variation. No inhomogeneity
beyond the scatter in the data was found.'s

The most obvious source of a compositional inhomo-
geneity is an inhomogeneity, either spatial or temporal, in
the relative deposition rates of the two elements. Since
the transition width is greatly reduced (to 1.5 K) by de-
positing the samples at low temperatures where the sur-
face diffusion is low, we conclude that the deposition itself
is homogeneous enough, both spatially and temporally, to
allow a 1.5-K transition width. A caveat must be inserted
here. Samples grown at reduced substrate temperatures
contain voids and vacancies. Therefore, although no
change in transition width was found when samples
grown at 800°C were annealed, it is possible that bulk
diffusion is greatly enhanced in samples grown at low

temperatures. The reduced transition width could there-
fore be misleading; an inhomogeneity in the deposition of
the low-temperature samples could be reduced by the sub-
sequent anneal. In the highest-deposition-temperature
samples where, again, the transition width is reduced, an
inhomogeneity in the deposition could be removed by the
greatly enhanced surface diffusion during growth. There
are several arguments against this explanation, however.
First, the dependence of the width on microstructure seen
in both Nb-Sn and in V-Ga as well as the asymmetry in
the V-Ga results is inconsistent with this hypothesis.
Second, some of the metastable 415 materials may be
grown by depositing the desired composition onto cold
substrates and then annealing.’® This success depends on
low bulk diffusion rates. Finally, since the inhomogeneity
must exist on a length scale greater than 50 A, at a depo-
sition rate of 10-20 A/sec, the rate monitors would easily
show a fluctuation of the magnitude necessary to produce
a vertical compositional variation. A hypothesized hor-
izontal variation due to shadowing is inconsistent with the
large surface mobility found at 800°C (to be discussed
below) and the lack of variation found by microprobe.

Since there is strong evidence that the atoms arrive at
the surface relatively homogeneously, the inhomogeneity
must occur after the atoms hit the surface. It is very un-
likely that it occurs after the film is grown, primarily be-
cause bulk diffusion is so slow. We believe that the inho-
mogeneity occurs at the surface during the growth and is
then effectively frozen into the bulk. A variation in the
relative sticking coefficient of the two elements due to spa-
tial or temporal variations in the substrate temperature is
ruled out on three counts. First, the relative sticking
coefficients, at least for Nb and Sn, are independent of
substrate temperature up to 900°C. This statement is
based on a series of samples grown only a few minutes
apart at different substrate temperatures but identical
deposition rates. The resulting compositions, measured
by electron microprobe, were identical for samples con-
taining 25 at. % Sa or less grown at substrate tempera-
tures of 900 °C or less. Second, temperature variations la-
terally along the substrate are unlikely to occur on a
length scale smaller than that probed by the electron mi-
croprobe and unlikely to remain constant between 600
and 800°C, yet decrease for samples grown at 900 and
1000 °C. Finally, it has been observed that V-Ga samples
annealed for 24-48 h at 800-950°C show far more Ga
loss than the observed Sn loss from similarly prepared
and annealed Nb-Sn samples, proving that Ga is far more
volatile from V-Ga than Sn is from Nb-Sn. This fact im-
plies that any inhomogeneity induced by a variation in
sticking coefficient would be greater in V-Ga than Nb-Sn,
a conclusion not born out by the evidence, as seen in Fig.
5.

Temperature gradients can also cause composition gra-
dients by a mechanism known as the Soret effect.* How-
ever, the necessary temperature gradient could not occur
on a length scale smaller than 1 um, and would be unlike-
ly to have the necessary dependence on substrate tempera-
ture. The possibility that the sticking coefficient might de-
pend on surface orientation will be considered below.

The final possibility to be considered before turning to
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what appears to be the correct explanation is that the ac-
cepted equilibrium phase diagram might be wrong and
off-stoichiometric 415 Nb-Sn might not be the stable
phase. In particular, instead of an equilibrium phase field
extending from 18-25 at. %Sn, there could be a spinodal
region due to especially stable compositions at 25 at. %
Sn and, for example, 18.75 at. % Sn, where one out of
every four Sn atoms is replaced by a Nb atom.*® The in-
homogeneity would be due to an incomplete segregation.
At low temperatures, this process would be further limit-
ed. To explain the high-temperature data, one would
have to presume that the entropy term in the free energy
caused the spinodal region to end between 800 and
900 °C. This hypothesis, in addition to not explaining the
microstructure dependence of the transition width or the
lack of change between 800 and 600 °C, is nearly impossi-
ble to verify since bulk diffusion rates at 800 °C or below
are far too low to permit observation of any segregation in
bulk material. In addition, the phase diagram of V-Ga
would have to be similar at temperatures near 800 °C,
despite the fact that the accepted phase diagram for V-Ga
is quite different from that for Nb-Sn. Note that the re-
sults cannot be explained by simply hypothesizing that the
equilibrium phase field is narrower than commonly be-
lieved, extending only to 24 at. % Sn on the Sn-poor side
of stoichiometry, as the experiments of Schiffman and
Bailey on Nb-Sn suggest.?® In their proposed phase dia-
gram, off-stoichiometric 415 Nb-Sn would, in fact, be
metastable at the deposition temperatures used, including,
incidentally, 900 and 1000°C. However, the stable
configuration would be bcc Nb plus 24 at. % Sn AlS;
segregation in this two-phase field, consisting of two
different crystal structures, would be by a precipitation
mechanism. Unless the A15 phase itself contains a spino-
dal region, it is energetically impossible to segregate into
A15 regions containing different Sn concentrations.

We believe that the inhomogeneity is due to a true sur-
face effect. All of the results may be explained by hy-
pothesizing a transfer of Sn between grains growing with
different crystallographic orientations. We speak of
transferring Sn rather than Nb because it is likely that the
surface mobility of Sn is far greater than that of Nb.'%2%37
We believe that the cause of this transfer is a difference in
the relative bonding energies of Sn and Nb at the different
orientation surfaces. A difference in bonding energy is
known to lead to orientation-dependent surface segrega-
tion, a phenomenon frequently seen in alloys of materials
such as Nb and Sn with vastly different melting tempera-
tures. A pseudoequilibrium model related to surface
segregation but applicable to a growing film will be
developed in the next section. A surface-to-surface
transfer of one element results in a grain-to-grain varia-
tion in composition due to the dynamics of the film
growth. The composition dependence of the transition
width and the results for the different 415 compounds
will be discussed after the model is outlined in the next
section. We will consider here only how this hypothetical
transfer explains the temperature and microstructure
dependence.

First, the high-temperature and single-crystal results
are immediately explained since only one orientation is

present. Consider next the low-deposition-temperature re-
sults. The primary effect expected by reducing the sub-
strate temperature is to reduce the surface mobility. This
reduction will cause the grain size to be smaller'*! and
the orientation of the grains to become more random, as
well as reducing the distance an atom at the surface can
travel before being buried by the incoming flux. The
dominant effect on the transition width is believed to be
the reduction in grain size. Estimates for surface diffusion
constants, to be discussed below, show that root-mean-
square diffusion lengths are far greater than the average
grain size at all deposition temperatures and rates used.
Thus there is sufficient mobility to permit the Sn transfer,
and so the inhomogeneity could still exist. However, the
grain size is reduced, and so the length scale on which the
compositional variation occurs will also be reduced. Dur-
ing the subsequent 24-h anneal, substantial grain growth
occurs, leaving the final average grain size near 1000 A as
measured by TEM. The grain growth, which does not re-
quire bulk diffusion, should leave the inhomogeneity
unaffected. What had been a grain-to-grain variation in
composition becomes regions of different composition
within a single much larger grain. As long as there is not
boundary scattering at the edges of those regions, the
proximity effect will reduce the width of the supercon-
ducting transition temperature when these regions become
comparable to or smaller than the Ginzburg-Landau
coherence length at T=0. The resistivity of these cold-
deposited, annealed films is quite comparable to that of
films deposited at high temperature, implying that the
mean free path and £(0) are also comparable and that
there is not much boundary scattering.

This argument implies that when the as-grown grain
size is less than £(0), the transition width will be reduced
even if the magnitude of the inhomogeneity is unaltered.
The as-grown average grain size is roughly exponential
with deposition temperature. From measurements in
Refs. 14, 16, and 19, it is estimated that the crossover
from grain diameters being far larger than &£(0) to far
smaller occurs between 600 and 450 °C, the same temper-
ature range where the drop in transition width occurs. In
addition, the reduced fraction of grains of low-index
orientation at low substrate temperature is likely to reduce
the inhomogeneity, for reasons to be discussed below. Fi-
nally, any bulk diffusion that does occur during the an-
neal will be more effective at reducing the inhomogeneity
if the length scale of the inhomogeneity is only 30 A com-
pared to 2000 A, due to the different as-grown grain sizes.

MODEL

We will present here only the outline of the model; the
details are being presented elsewhere. In materials such
as Nb-Sn where one element is far more weakly bonded
than the other, surface segregation is likely. In a solid
solution of elements 4 and B randomly distributed on
equivalent sites each with n nearest neighbors, the free en-

ergy
F=E —TS =1[Nnx%,,+2Nnx (1 —x)e 45
+Nn(1—x)*p3]—TS , (1)
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where x is the concentration of element A, N is the total
number of atoms, and €,,, €45, and €pp are the 4— 4,
A—B, and B-—B atomic-bond energies given the
nearest-neighbor distance in the alloy. Only nearest-
neighbor interactions are included. Including only the en-
tropy of mixing,

S = —Nkp[x Inx +(1—x)In(1—x)] . (2)

Assuming no reconstruction or relaxation at the surface,
these expressions apply both to the bulk material with
concentration x;, and to the surface with x;, each with an
appropriate number of nearest neighbors n, and n,. At
equilibrium, there can be no gain in free energy by ex-
changing material between the two; hence,

d(F;+F,) d(F,+Fp)
dx; B dx,,

For small changes in concentration,
dxy = —dx; .

In equilibrium, then,
dF;, dF,
dx, = —dz ’

The derivative of Eq. (1) is

dF
— =N -2
dx nx(eqq+€pp —2€ 48)

+Nn(e p—¢€pp)+NkpT In

x
T % ] . 4)

If the alloy is dilute so both x; and x;, << 1, the expression
resulting from Eqgs. (1)—(4) is the familiar surface segrega-
tion result

Xg Xp

1—x, = 1—x, xp

(nb—ns)(EAB—sBB)

(5)

If the alloy is not dilute, then the expréssion is more com-
plicated:

Xs —2x;nge/kyT Xb e—2xbnbs/kBT
. _ b
1—x, 1—x,
(nb —Hng )(8,13 —EBB)
X exp , (6)
kgT

where € is the energy of mixing,
— 1
E=E 4p —T(EAA_’_SBB) .

Equation (5) says that the concentration of the more
weakly bonded element will be enhanced at the surface in
comparison to the bulk. This model neglects many
effects; in particular, it neglects any alteration of bond en-
ergy at the surface due to relaxation of the atomic posi-
tions. It is, however, sufficient to justify that surface
segregation can, in principle, occur when the strengths of
the bonds for 4 and B are different. For a full discussion
of surface segregation and reviews of experimental results,
see, for example, Kelley and Ponec,’® Miedema,*® Cheli-

kowsky,* or Overbury et al.*!

When two surfaces of different orientation are in equi-
librium, it is quite simple to derive a similar expression re-
lating the concentration on surface 1 with that on surface
2 for a dilute alloy:

Xs

5) X (n

) s, — s, €45 —Epp) o
I—x, 1-x, P kT :

S1

$2

When two neighboring grains are in equilibrium with each
other, Eqgs. (5) and (7) are satisfied when the bulk of each
contains the same concentration (xblszz) and each of
the surfaces have a concentration described by Eq. (5).

If the two grains start at the same concentration and
ng #n,,, a transfer of one element must occur to allow
and x; #x;. The
transferred is proportionate to the number of surface
atoms divided by the number of bulk atoms and hence is
negligible unless the volume of each grain is extremely
low. If, for example, the “grains” were only one unit cell
thick, Eq. (7) would be satisfied by transferring one ele-
ment from one ‘“‘grain” to the other. Upon adding a
second unit cell of material to each grain, the top layer
would deplete the underlying layer, resulting in both Egs.
(5) and (7) being satisfied and x; =x,,.

If the added layer is unable to deplete the underlying
layer, then the surface transfer between ‘‘grains” which
occurred in the first layer would simply recur. As layers
continue to be added, the grains would grow with unequal
bulk compositions, but would continue to satisfy Eq. (7).
This process requires that the two surfaces be in equilibri-
um with each other; hence, Eq. (7) applies, but the surface
of each grain must be out of equilibrium with the bulk,
and, hence, Eq. (5) is not satisfied.

Given the different bonds at the surface and in the
bulk, the requirements of low bulk mobility and high sur-
face mobility may be easily met under standard deposition
conditions. For example, measurements of isotope bulk
diffusion constants D, in the transition metals Ni, Fe, and
Co indicate that at a reduced temperature of T /T,, =0.4,
where T, is the melting temperature (for Nb;Sn, this im-
plies T =800°C), D, ~8x10"% cm?/sec.** Measure-
ments have been made on bulk diffusion in V;Ga.** Van
Winkel er al. found that Ga essentially did not diffuse at
all at temperatures near 800°C, a result consistent with
calculations by Welch ef al. on the diffusion of Sn
through Nb;Sn.?® The diffusion constant of V at 800 °C is
~1x107% cm?/sec, which is even less than that predict-
ed by the transition-metal isotope diffusion. Extremely
limited data exist on surface diffusion constants at high
temperature. By extrapolating isotope diffusion constants
for transition metals measured at room temperature, we
estimate D, =~1x107% to 1x10~7 cm?/sec.*® The esti-
mate for surface diffusion lengths is supported in the A15
materials by measurements made on the separation of
second-phase inclusions in Nb-Sn grown with a composi-
tion lying in the two-phase 415-plus-o region.!® It is also
entirely consistent with measurements of Pd distribution
as a function of time on a W surface at 800°C.** At typi-

Xp, =Xp, amount of material
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cal deposition rates, a surface layer is buried in 1 sec. In
1 sec, assuming a random walk diffusion process, an atom
in the bulk has a root-mean-square diffusion length of less
than a tenth of an angstrom, while on the surface, the
length is many micrometers. These distances easily justi-
fy the idea of surfaces which are thousands of angstroms
apart being in equilibrium with each other, while being
out of equilibrium with bulk material only angstroms
away.

The A1S5 crystal structure is unfortunately more com-
plicated than that of a simple alloy in which all sites are
equivalent. At the stoichiometric 4 ;5B ,5 composition,
the A15 crystal structure consists of a bcc lattice of the B
element with nonintersecting chains of the A element
along each face. In maximally ordered B-element-poor
A15 compounds, the A sites are all filled with A-element
atoms, while the B sites contain either 4 or B, depending
on the sample composition. In maximally ordered B-
element-rich A15 compounds, the B sites are filled with
B-element atoms, while the A sites contain A or B.
Based on the work by Welch et al. on A15 Nb-Sn,?’ the
only significant contribution to the B-site bonding energy
il

E :%anBeAB(rAB)—e—%N(O.ZS——x)nBsAA(rAB)

0.75 X A3
2 V|5 Easlras)t

0.25—x
0.25

-+

where x is, by tradition, the concentration of element B
and we have assumed a random distribution of the excess
(beyond 75 at. %) A atoms on the B sites. The first two
terms are associated with the bonding energy to the A4
atoms on the A sites of the B and A4 atoms, respectively,
on the B site. The second two terms represent the bond-
ing energy of the 4 atoms on the A4 sites to the 4 or B
atoms on the B site. These terms are an artifact of the
J

(NO.25)!
[N(0.25—x)]I(Nx)!

S :kB In

4
n e 4(r4p)

is due to the nearest A sites. This coordination will be
written as n2 and is equal to 12 in the bulk. For the A4
site, the nearest-neighbor A4 sites, the next-nearest-
neighbor A sites, and the nearest B sites all contribute rel-
atively equal bonding energies.”® These coordination
numbers will be written as n 1!, n 42 and n 13, respective-
ly. In the bulk, n4'=2, n42=8, and n“**=4. These
bonds will be broken to different extents at different sur-
faces.

It is also necessary to consider that €45, €pp, and €44
depend on the atomic separation. There are three relevant
distances, the A site to B site, the A site to nearest-
neighbor A site, and the A site to next-nearest-neighbor
A site, defined to be r,p, r4, and r,,, respectively.
Thus, for example, € 45(r 45) is the A —B bonding energy
for the atomic spacing corresponding to the A- to B-site
distance.

We will consider B-element-poor and B-element-rich
material separately. This derivation follows the derivation
above for a simple alloy, but the expressions are far more
complex. Consider first the B-element-poor material.
The energy E may be written

0.75
+ TN[n AIEAA(VA1)+IZ AZEAA(VAZ)] ,

f
double counting of the bonds and are identically equal to
the first two terms since n2=3n 3. Henceforth, they will
be added together. The last two terms are due to the
bonding energy of the 4 atoms on the A4 sites and are in-
dependent of composition for x <0.25.

The configurational entropy of the A15 phase for
x<0.251s

=Nkg[0.251n0.25—(0.25—x)In(0.25 —x) —x Inx] .

Taking the derivative with respect to changes in composition, we derive the surface-to-surface equation analogous to

Eq. (7):
B xsl B xsz
Nnile p(r 4p)—€44(r 45)]+NkpT In B;jx; =Nnj[e p(r p)—€44(r 48)]+NkpT In m: . 8)
Rearranging,
Xs Xs, (n¥—n¥)eap(rap)—eaalrap)]
= exp 9)
0.25—x,, 0.25—x,, kgT

Note that this expression has the structure of Eq. (7).
Equation (7) was an approximation good only in the di-
lute limit, while Eq. (9) did not require x <<1, or
0.25—x << 1. This simplification is due to the fact that
only the A-site to B-site bonds are relevant, and the A4

f

sites are entirely filled by 4 atoms.

The energy difference € ,5(r45)—€,4(r 4p) is just the
difference between the 4 —B bond and the 4 — A4 bond
at the equilibrium A- to B-site separation. Welch et al.
discuss the strengths of these bonds in the Nb-Sn system
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and how these strengths affect the theoretical width of the
equilibrium 415 phase field.”’ Assuming the phase dia-
gram of Charlesworth et al.*® to be correct,the Nb-Nb po-
tential must be stronger at all separations. Therefore,

| enb-sn | < | Enpnb | -

By the same logic,

levGal < |evv| and |evsi| < |evv] .

At equilibrium, the surface-to-bulk expression equivalent
to Eq. (5) predicts that surface segregation will occur in
the A15 system. In particular, the surfaces should show
an enhancement of the B element when the overall com-
position is B-element poor. Surface segregation has been
looked for in stoichiometric Nb3Sn and other 415 com-
pounds and apparently has not been seen in the absence
of oxygen,*”** but has not been looked for in off-
stoichiometric material. Evidence of Sn segregation to
grain boundaries, which, of course, also break bonds, does
exist. 430

Next, we must consider how many of the B-site bonds
are broken at the various surfaces and which surfaces are
present during growth. Polycrystalline Nb-Sn has been
observed by transmission-electron microscopy to grow on
(1102) sapphire primarily in the (100) orientation, with a
substantial fraction of the remaining grains in a (311)
orientation.’! Note that for the A15 structure, the (100)
is the close-packed surface. V-Ga has been observed to
grow primarily (100) and (210) (Ref. 17) and V-Si primari-
ly (210).°2 On the (100) surface, there are eight of the 12
bonds. On the (210) surface, there are seven of the 12,
and on the (311) surface, there are six of the 12.

Equation (9) predicts a transfer of Sn from the close-

]

N 1—x x —0.25
E=70.25n3 EAB(’AB)W"‘EBB(’AB)W
F X3 | ear ) EEE n 2 )= +n " 5(rp)
2 A4T4170.75 A4TA270. 75
N x —0.25 —0.25
+-2’(1—x) nAlsAB(r,“)W+nAZEAg(rAz)—ﬁS**
N 1—x —X
+57(x —0.25) nAle,.B(r,,,)ﬁJrn AZEAB(rAZ)m-l—nA}EBB(rAB)
N x —0.25 x —0.25
—+—?(x —0.25) nAlsBB(rA,)W+nA2£BB(rAZ)W

The first two terms in this expansion are due to the bonds
between the B sites, which are entirely occupied by B
atoms, and the A sites, which are mixed according to
composition. The remaining terms are due to the A-site
bonds. The first three represent 4 atoms on A sites in-
teracting with other A atoms on A sites and B atoms on
B sites. The next two terms represent 4 atoms on A sites
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packed (100) grain surfaces of Nb-Sn to the (311) surfaces
and a transfer of Ga from the (100) grain surfaces of V-
Ga to the (210) surfaces. When Nb-Sn is grown on (0001)
sapphire, the preferred orientations change to (100) and
(210). There is limited evidence from the width of the
high-angle x-ray-diffraction peaks that the inhomogeneity
is reduced in this case, a result expected from this model
since nfoo —n%o<nfo—n%,. When V-Ga is grown on
a-SizNy, x-ray diffraction shows no obvious preferential
ordering.!”” The sample must have a high fraction of
high-index orientations. The model predicts a much re-
duced inhomogeneity in this case, a result seen in the re-
duced gap width from the tunneling spectroscopy.!’
Without knowing the energy differences |e | — | €45 |
better, it is difficult to compare the different 415 com-
pounds with each other. However, the greatest inhomo-
geneity is expected for the (100) and (311) combination
(Nb-Sn), the next largest for (100) and (210) (V-Ga), and
the least for (210) and a high-index orientation (V-Si).
This progression is reflected exactly by the transition
widths of B-element-poor Nb-Sn, V-Ga, and V-Si seen in
Fig. 5.

When the surface with the higher-index orientation
reaches stoichiometry (or, alternatively, if the starting ma-
terial is stoichiometric or B-element rich, such as Ga-rich
V-Ga), the B sites are filled by B atoms. If the transfer
process were to continue, either the B-element-rich grain
must phase-segregate into A15 plus o phases or else the
extra B atoms must sit on A sites in the 415 phase. Nu-
cleation of a second phase seems unlikely to be energeti-
cally favorable, and hence we will now consider the ener-
getics of putting B atoms on A4 sites.

The energy E of the B-element-rich material is compli-
cated:

[

interacting with the extra B atoms on A sites. The next
five terms represent the same bonds as the previous five,
but for B atoms on A sites. The double counting of
bonds by this method is, as usual, eliminated by the factor
of 1 at the front of each term.

Taking the derivative,
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dE
EC’=N’1 A3[EBB(rAB)_8AB(rAB)]'“ 0.75
1.25
+N["AlgAB(rA1)+”A2€AB(’A2)]6“7_5
Nx 2N.
+ 0.75 [n eqa(ran)+n e 4(r 42)]— 0'7); [n?
N.
+ = [nAlﬁBB("A1)+nAz&BB("Az)] .

0.75

Note that unlike dE /dx for the Sn-poor material, this ex-
pression depends on x and thus the surface-segregation
process will be described by the more complicated form of
Eq. (6). In addition of course, there are now many bonds
and energies to be considered.

Let us consider the number of bonds present at the
various surfaces. We will concentrate on the (210) and
(100) surfaces because these are the surfaces relevant to
A15 V-Ga, the only A15 considered in this work which is
thermodynamically stable for x > 0.25. A complication is
introduced by the fact that, referenced to the surface,
there are two types of A sites: those that lie in chains
which intersect the surface and those that lie in chains
parallel to the surface. Table I shows the number of
bonds present for each of the three bonds for each type of
A site for the (210) and (100) surfaces. The number of
each type of bond in the bulk is also shown. By simply
counting the number of broken bonds, neglecting the rela-
tive strengths of each bond, the (210) surface breaks fewer
A-site bonds than the (100). This situation is the opposite
to that found in Ga-poor A15 material due w0 the
different relevant bonds. More knowledge of the bond
strengths is needed to actually estimate the segregation
process, but it is certainly plausible that above and below
stoichiometry the driving force will not be the same. The
model thus accounts for the reduction in inhomogeneity
seen on-stoichiometry in both Nb-Sn and V-Ga and seen
in Ga-rich V-Ga.

The phase boundary at 18 at. % Sn for 415 Nb-Sn,
where the inhomogeneity was also seen to be reduced, is
qualitatively different from that at 25 at.% Sn. The B
element sites could accommodate more Nb. The energy
of mixing of Nb with 415 Nb;Sn controls the composi-
tion of this phase boundary. If the transfer of Sn were to
occur at 18 at.% Sn overall, one grain would end up

[n e gq(r 4)+n PPeyu(r 45)]
N
— ?[’1 Mepp(ra)+n Pepp(r 4)]

eap(ra1)+n e 45(r4)]

f

below 18 at. % Sn. It would then presumably be energeti-
cally favorable to decompose into the a-Nb (bcc) phase
plus the 18-at.% Sn A15 phase, a process which costs
boundary energy and would, of course, affect the surface-
segregation process. It is not clear how to consider even
classic surface segregation at a phase boundary. In addi-
tion, it is possible experimentally to have not seen small
amounts of bcc phase, either by x-ray diffraction or by the
specific heat, especially since the 7, of the bcc phase,
which contains =3 at. % Sn at its boundary, is the same
as the 7, of the 18-at. % Sn A15 phase.

A final comment is that the presence of oxygen or any
contaminant present during deposition may be expected to
change the bond strengths. In particular, since the Nb—
O bond is presumably stronger than the Sn—O, the ener-
gy difference at two surfaces between putting a Sn or a Nb
atom on a Sn site is likely to be reduced by the presence
of oxygen. The specific heats of Nb-Sn samples grown
with an O, partial pressure of =1 10~° Torr do, in fact,
show a somewhat reduced transition width.'®

It should be noted here that there are other possible,
though to our minds less convincing, causes of a grain-
to-grain variation in composition. There could be
surface-orientation-dependent reevaporation of Sn, for ex-
ample, leading to an orientation-dependent sticking
coefficient. However, as the transition width decreases
with decreasing temperature, this explanation would im-
ply an increased average sticking coefficient. Since the
average composition for a given set of rates is independent
of deposition temperature below 900 °C, this explanation
is ruled out. In addition, it is not obvious why the stick-
ing coefficient would be more homogeneous in Ga-rich
V-Ga than in Ga-poor V-Ga.

The next possibility is that even though all the Sn is
eventually incorporated, orientation-dependent surface

TABLE I. Number of bonds for A site in bulk and at each surface.

Number of bonds

to to to
B site nearest A site next-nearest A site
In bulk 4 2 8
(100) surface
Chain || to surface 3 4
Chain L to surface 2 1 4
(210) surface
Chain || to surface 2 2 5
Chain at an angle
to surface 3 1 4
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diffusion constants cause the incorporation rate to vary
spatially due to the presence of differently oriented grains.
This argument is an entirely kinetic one; it depends on the
two grains and the two surfaces being out of equilibrium
with each other. Specifically, it might be expected that if
an atom were moving slowly over one grain and more
quickly over a grain of a different orientation, it would be
more likely to be incorporated into the former. Surface
diffusion constants are likely to be greatest over the close-
packed (100) surface, and decrease for other orientations.
The higher-order orientations would therefore be more
likely to incorporate a Sn atom than the close-packed
orientations. The argument against this explanation lies
in the composition dependence of both Nb-Sn and V-Ga.
At an average composition of 18 at. % Sn, the grains with
the slowest surface diffusion should still incorporate extra
Sn, forcing the composition of the close-packed grain into
the two-phase bcc + A15 range, a result which is not
seen, although, again, small amounts of bcc phase would
not be observed. Second, it seems again unlikely that
diffusion constants would be more homogeneous in Ga-
rich V-Ga than they are in the Ga-poor material.

In addition to the above mechanisms, we have con-
sidered numerous other possible origins of an inhomo-
geneity. In particular, since there is no direct evidence for
the grain-to-grain variation, a radial distribution of T,
within each grain, independent of orientation, was con-
sidered. There are a variety of possible sources for such a
distribution. However, for reasons similar to the argu-
ments already outlined in this paper, we feel that these al-
ternate models do not explain the observed results. One
overall comment is that, as mentioned previously, the
slow bulk diffusion and lack of change with annealing
strongly suggest that the inhomogeneity occurs at the sur-
face during the growth. This comment must be con-
sidered when proposing any alternate model based on the
presence of grain boundaries.

CONCLUSION

The specific heat of various metallurgically stable 415
superconductors grown by electron-beam coevaporation
has been measured. These films, which were grown under
conditions that would have been expected to produce rela-
tively homogeneous films, have been found to be inhomo-
geneous as evidenced by a broad 7,. Nb-Sn presents the
most extreme case of this inhomogeneity, producing a
width in 7, ranging from a low of 0.3 K in the
stoichiometric 25-at. % Sn material, to a high of 6 K for
22-at. % Sn material. The inhomogeneity may be greatly
reduced by growing the samples at low substrate tempera-
tures or by growing single-crystal samples. A model for a
novel manifestation of surface segregation has been
developed which explains all results found thus far. This
model depends on the high surface mobility and low bulk
mobility commonly found at deposition temperatures near
half the melting temperature. It must be noted, however,
that we have no direct evidence of a grain-to-grain varia-
tion in composition. The model presented explains results
for which it has not been possible to find an alternate vi-
able explanation. Nonetheless, alternate explanations may
exist; more experiments, preferably on a completely
different set of compounds, of which there are many can-
didates, would be helpful in establishing the credibility
and generality of the model which has been proposed.
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