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Improved film synthesis has allowed us to prepare N13Ge/SiO /Pb tunnel junctions on samples
with high T, (up to 21.2 K) and large energy gap (ANb 0, up to 3.85 meV). These junctions have sa-

tisfactory features for taking derivative measurements. The data were reduced by the modified
McMillan-Rowell proximity gap inversion analysis developed by Arnold and Wolf to generate
a I" (co) and related microscopic parameters. The trend previously seen of a movement of the lowest

phonon branch to lower energies as the T, and gap increase is continued, resulting in the lowest-

energy phonon mode being well defined and enhanced in strength. Theoretical functional deriva-

tives for T, (by Bergmann and Rainer) and the energy gap (by Mitrovic et aL) qualitatively explain
the rise in T„energy gap, and 2h/k~T, . Heat-capacity measurements have been performed on
various samples to give bulk Nb3Ge properties, including one sample which was analyzed by tunnel-

ing a I" (u) and heat capacity. y =34+ 1.5 rn J/mole K2 and the bare density of states,
X(O)=1.5+0.1 states/eVatom, suggests that a high density of states is inadequate to explain the
high Tc 1n Nb3Ge. Values for 25/kgTc =4.2+0.1 and AC/QTc ~ 1.9 1ndlcate a strong-couPIed su-

perconductor, in agreement with tunneling results on this sample.

INTRGDUCTION

The high-T, A15 compounds are of continuing interest
both for their technological applications as well as for in-
formation they can provide into a fundamental under-
standing of superconductivity As th. e material with the
highest known T„Nb3Gc is particularly interesting. The
most direct probe of microscopic superconductivity is tun-
Qcl1ng. KihlstI'oID and Gcballc produced tunneling
ct F(co) on NbGe samples with a wide range of composi-
tions (17—23 at. % Ge), gaps (ENb, o,-1.1—3.7 meV), and

T, 's (7—20 K). The one limitation of the study was the
difficulty in producing good quality high-T, samples.
Since that time wc have had gI'catcI' success 1Q pI'oduc1ng
more homogeneous, high-T, ~3GC samples. The high
7I, has allowed us to extend the tunneling study to make
meaningful comparisons with bulk properties via heat-
capacity measurements.

24—48 h before the junction area was defined by a dielec-
tric (photoresist). A Pb counterelectrode was then depo-
sited.

The Nb3Ge thin films were prepared by electron-beam
codcposlt1on 1Q thc pI'cscnce of oxygen. ' Thc substrate
temperature was 900'C; the deposition rate was -30
A/sec. The oxygen partial pressure was 1.3X10 Torr.
The film samples while still under vacuum were cooled to
100'C and the barrier of 25—30 A of Si (Ref. 7) was de-
posited. The samples were then removed from vacuum,
and the amorphous Si was allowed to oxidize in air for
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FIG. 1. Current-voltage characteristics for the largest-gap

sample in this study.
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Sample
Ge

(at. %)
~Nb-Ge+ ~Pb

(meV)
Tc
(K)

TABLE I. Physical properties of the samples used in this
a I'{co) study.
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The current-voltage characteristics for the largest-gap
sample in this study are shown in Fig. 1. The Nb3Ge en-

ergy gap for this sample is b, Nb o,——3.85 meV with a T, of
21.2 K. There is more excess conductance below the sum

gap than for those samples of our previous study (as well
as the other samples of this study). Excess conductance is
treated as a parallel conductance which does not con-
tribute to the superconducting properties. This is normal-
ized out as done by Schmidt et a/. Physical properties of
these samples are given in Table I. Unlike our previous
study, T, is not determined by gap opening (i.e., the
highest temperature at which structure in the derivative of
the I Vcurve a-t zero bias is observed). These data were
taken, but it was later discovered that the calibration of
the carbon thermometer had drifted. Therefore T, was
taken as the midpoint of the transition measured induc-
tively; in the past this has correlated reasonably well with
the gap opening T, . The inductive r, widths range from
0.4—0.8 K, and any differences with gap opening T,
should not be significant.

The ratio 26/kii T„a measure of coupling strength, is
plotted in Fig. 2. The gap is determined as the voltage at
the minimum of the derivative (dV/dI) through the gap
(after subtracting off the Pb gap). Samples with Ge-poor
compositions (&21 at. %%uoGe )sho wweak-couple dBCS-
like values near 3.5, but samples which are nearer
stoichiometry show values increasing to 4.3, indicative of
strong coupling.

The differential conductance for these samples was
measured in the superconducting state with the Pb elec-
trode driven normal by an applied magnetic field of 0.1 T,
and then with the temperature elevated above T, so that
both electrodes were normal. The reduced tunneling den-
sity of states was then entered into the McMillan-Rowell
inversion program' to obtain the Eliashberg function
a I'(co). To obtain more sensible results we found it
necessary to resort to the modified McMillan-Rowell
(MMR) gap-inversion analysis developed by Arnold and
Wolf. " ' The proximity parameters used were compar-
able to those used previously.

Figure 3 shows the a I'(co) results from the small-gap
sample, a mid-range —gap sample (both from the previous
study ), and two large-gap samples from this study. The
smaller of the two new samples fits in well with previous
results. The larger-gap sample shows continued enhance-
ment in the lowest-energy phonon branch, now clearly
resolved from the other two peaks, as well as additional
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2
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FIG. 2. Variation with gap of the coupling constant 26/kII T,
for Nb-Ge samples over a wide range of composition. Vertical
error bars represent both the finite T, width (10—90% of the
transition width of the samples in this study) and the uncertain-

ty in estimating the gap.
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FIG. 3. Electron-phonon spectral function u F(co) for four
Nb-Ge samples with gaps of 1.03, 2.62, 3.50, and 3.82 meV,
respectively.

movement to lower energies. Figure 4 shows the two
larger-gap samples (of Fig. 3) compared with a F(co) from
the largest-gap sample, whose I- V trace is shown in Fig. 1.
The lowest-energy peak indeed is still stronger in intensity
in the largest-gap sample, but the peak position has been
shifted back towards higher energies. In fact, all of the
peaks show a movement to higher energies (in contrast to
the other samples in the study where only the low-energy
peak showed movement from sample to sample) as if the x
axis were artificially expanded. Second-derivative mea-
surement data (taken separately from the first-derivative
data used to generate density of states) confirm the peak
positions. We have no clear explanation for the behavior
of this sample other than the fact that the sample has
passed the stability limit due to mode softening. The
metastable phase boundary has been exceeded as judged by
the increased excess conductance below the sum gap in the
I Vcurve show-n in Fig. 1 (even though there was no
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FIG. 4. Electron-phonon spectral function a E(cu) for three
high-T, Nb-Ge samples.
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FIG. 5. k and (co ) plotted vs T, for Nb-Ge samples over a

wide range in composition.

second phase evident in the x-ray diffraction data).
Values of A, and (co ) vs T, for all the samples in both
studies are plotted in Fig. 5. There is a clear trend of
higher A. with higher T, reaching a value of 1.73+0.10 in
the highest-T, sample while (co ) shows a decreasing
trend.

CALCULATIONS FOR T, and 2h/k~T,

Geilikman and Kresin' gave an analytical formula for
2b, /kg T„

2A/kg T, =3.53[1+5.3(kg T, /cpo) In(cop/kg T, )] .

Thus an increase T, relative to ~o would increase
2b, /k~T, . With the microscopic parameters now avail-
able we can test the formula for 2b, /k~T, from Geilik-
man and Kresin (GK). Now, it is not clear what frequen-
cy should be used, but Mitrovic et al. ' suggest both

(co) =(2/A, ) f dcoa F(co)

and

cot,s——(2/A, ) f dcoco '(lnco)a F(co)

Allen and Dynes' found a more accurate numerical
solution for T, than the McMillan equation for materials
with A, ) 1.5:

ftf2cotos 1.04(1+A.)

I,—p"(1+0.62K, )

f ~ and f2 each go to 1 in the weak-coupling (small-k) lim-
it. For large I,, f& (the strong-coupling correction) varies
as A,

' while f2 (the shape correction) varies as
(co )' lcoI,s. In Fig. 7 we comPare the measured T, 's
with the mlculated T, 's using both methods. In general,
the McMillan equation gives slightly better agreement.

In the same paper, ' Allen and Dynes set up a method
to calculate T, by solving the linearized Eliashberg equa-
tions in matrix form using a F(co) and p*. We have used
a computer program written in our laboratory by S. Bend-
ing, using the a F(co) and Itc* values determined by tunnel-
ing to calculate the T, 's shown in Fig. 8. The agreement
(typically 10—15%) is about the same as that obtained us-
ing either the McMillan or the Allen and Dynes equa-
tions. Since all three methods are derived from the

are good choices. Figure 6 shows a comparison between
the measured 2A/k&T, and the calculated values using
both (co) and co~,s. The agreement is better using (co), al-
though both fail in the off-stoichiometry samples. In the
strong-coupled region the agreement is reasonably good.

There have been several attempts to mlculate T, from
microscopic parameters using the Eliashberg theory.
McMillan' solved the finite-temperature Eliashberg equa-
tions to find T, for various cases and constructed an ap-
proximate T, equation:

OD 1.04(1+A, )T = exp
1 45 A, —IM*(1+0.62K, )

Dynes' replaced the prefactor O~/1. 45 (where 8& is the
Debye temperature) by (co)/1.20. The electron-phonon
coupling constant is given by
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FIG. 6. Coupling strength (2A/k~T, ) vs gap comparing ex-

perimental values with the Geilikrnan-Kresin (GK) calculated
values using (co ) and coI,g.
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FIG. 7. T, vs A, comparing experimental T, values with cal-

culated values by the McMillan and the Allen and Dynes equa-
t1ons.

FIG. 9. Theoretical functional derivat1vcs ovcrla1d on thc

electron-phonon spectral function a'F(co) for three samples. As

T, 1ncfcascs, thc low-energy phonon peak moves toward thc

peaks in the functional derivatives.

Eliashberg equations, this agreement suggests that the ap-
proximations made in the McMillan and the Allen and
Dynes equations are relatively good for this system. The
tunneling results along with the 2b, /k~T, and T, results
from the first study and this study are shown in Tables
II(a) and II(b), respectively.

The question of how variations in a F(ro) affect T, and
the energy gap 6 have been addressed by Bergmann and
Rainer' and by Mitrovic et al. They calculated the
functional derivatives 5T, /5a F(co) and 55/5a F(co),
respectively. Bergmann and Rainer found that

5T,
hT, = I de — b.a F(a))

5a F(~)
starts linearly at the origin, has a maximum at co-Skz T„
then decreases (but remains positive) at higher frequencies.

Mitrovic et al. calculated the functional derivatives for
60 and 2b/k+T, for several materials (including Nb3Sn)
and found a relatively universal shape. However, the peak
for the gap comes at a lower frequency -4k~ T„causing
the functional derivative for 2A/k&T, to be peaked at an
even lower frequency, 1.3k& T,

Figure 9 shows the functional derivatives (calculated for
Nb3Sn, which should be slmllar to Nb3Ge) overlaid on
three ct F(co) curves. Note, first of all, that the movement
of the lowest-energy phonon branch takes that branch to-
ward the peak of the functional derivative for T, . Thus
T, should increase maximally as a F(co) is increased. The
fact that a F(co) is also increasing at higher frequencies is
less important because the functional derivative for T, is
less there (in contrast to the effect of lessening the de
crease in the frequency moments —a disadvantage from
the point of view of the T, equations of Allen and Dynes
and of McMillan). Second, the movement of the phonon
peak toward the peak ill 26/kg Tq 1s consistent with the
observed increase in 25/k+T, . Thus there is qualitative
agreement between the data on Nb3Ge and the treatments
of Bergmann and Rainer and Mitrovic et al.

CALORIMETRIC DATA

Heat-capacity measurements characterize the entire
sample. However, until recently the investigations have
required considerably larger samples than the thin films
used in tunneling. Techniques developed in our laboratory

by Early et ah. have now made it possible to do tunnel-
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FIG. 8. T, vs k comparing experimental T, values with cal-
culated values by thc lincarizcd Eliashbcrg equations using thc
full u F(u). FIG. 10. Plot of C/T vs T2 for N13Ge (sample 9).



K. E. KIHLSTROM, D. MAEL, AND T. H. GEBALLE

QC

0

+I +I

+I +I
4A

t
t

+I +I

m t

OC M OC

CO
+I +I+I +I ~+I +I

OC

+I +I +I ~m~l

OC

+I
t
0C

+I ™+I +I +I
OC~C)65'~

4

+I +I+I +I
DC

cD w c5 c5 w

P +

CP

6
CS

c5

8
~ ~



TUNNELING cz F(co) AND HEAT-CAPACITY MEASUREMENTS IN. . . Nb3Ge 155

oo

O
+I

O O
+I +I +I

Q

O
O
+I

Q & Q oo oo

cV
oo

O
9-I +I +I O+I +I

t

O O ~ O H O
Ch

t t

Ch
M oo

O
+I

t

Q

+I +I
~Ot e O

Q Q m Q
VO

t O
Ch,

oo

O

O
+I

O O
+I +I

oo ch

t t

oo

eh O

+I +I +I O+I ~+I

O
v) v) ~ O

rt A O
Q A oo

oo
t

O
+I
O H

4A

Q

+I +I
WO~ W

O O ~ O H O
VO oo

tg

~'RQ-
Q

4JS4 @o

0
~ %+~I ~ l~~l

gq
E

bQ

&D

6
0

L3

8
Cg

G4 I

O
O

6

O
+I

~ E
oo

O +I
+I



K. E. KIHLSTROM, D. MAEL, AND T. H. GEBALLE 29

N" (0)=
3 y

ing and heat c-apacity measurements on the same films—
containing as little as 100 pg of the sample. The material
is evaporated onto the sapphire side of a silicon-on-
sapphire wafer (dimensions 6)&6&&0.2 mm ). The silicon
side had been previously patterned into a resistance ther-
mometer and resistance heater. The wafer is then mount-
ed onto a temperature-controlled copper block by 0.001-in.
Au —7 wt. % Cu wires, which provide known thermal and
electrical conductivities. The heat capacity is then mea-
sured by heating the sample to a known temperature
above the block, then measuring the temperature relaxa-
tion as heat is conducted away through the wires when the
heater is turned off. The relaxation time constant (r)
gives the heat capacity (C) since r =C/E; where E is the
thermal conductance of the wires.

Figure 10 shows the C/T vs-T cu-rve for a sample on
which we also have data from superconducting tunneling.
In an ideal sample there would be a discontinuous jurnp in
the specific heat at the transition temperature, but in any
real material the rise is spread out over a finite b T. For
metastable compounds such as Nb3Ge this is especially
true. The transition width for this sample is 3.2 K, which
is comparable to the best previous results on Nb3Ge by
Stewart et al'. ' The lack of separate jumps as well as the
fact that C/T goes to zero as T~O indicates there is no
low-T, phase or residual normal material (unless it is a
small amount spread over a large temperature range).

Other material properties can be obtained from the data
by modeling the normal-state specific heat as
C, =y T +PT and plotting the data as C, /T vs T . The
extrapolation to T =0 gives y (the coefficient of the nor-
mal electronic specific heat), and the slope above T, gives
P (the coefficient of the lattice specific heat). These nuin-
bers can be determined to within -5%, using the con-
straint upon the entropy imposed by the third law. From
these parameters we then obtain the electronic density of
states at the Fermi level where

500

400

~ 300
E

E ZOO

lOO

0 500 IOOO
T~ (K~)

t 500

FIG. 11. Plot of C/T vs T for Nb3Ge comparing experimen-
tal values with the calculated fits to the data.

and 8D, the Debye temperature (P=1944r/8&, where
r=4, the number of atoms per NbqGe molecule). The
bare density of states can then be obtained using the value
of I, obtained from tunneling as N(0) =N'(0)/(1 + A, ).

The results are y =34+3 m J/mol K, which gives
N'(0) =3.7+0.2 states/eV atom. Using the tunneling
value of A, =1.4 we obtain bare density of states N(0)
=1.5+0.1 states/eVatom. P=0.296+0.01 mJ/molK
(which gives 8D ——297+3 K).

In addition to the above-mentioned normal-state prop-
erties, two superconducting properties come out of heat-
capacity measurements. The first is AC/y T, . In our ma-
terial the transition is narrow enough to estimate AC by
extrapolation of C, to T, . This procedure gives a value
hC/yT, =1.9, appreciably higher than the BCS value of
1.43, again an indication of strong coupling. The other
superconducting parameter, still another measure of cou-
pling strength, is 2h/k&T, . This is obtained by fitting
the superconducting electronic specific heat
[C,i, ——C(T)„,—PT j below T, to the low-temperature
approximation C,i cc exp( —b./kii T). The fit must be
made sufficiently below T, so that the gap has roughly
leveled off to its T=O value. For this sample we obtain
the value 26/k&T, =4.1+0.1, which again is consistent

TABLE III. Superconducting parameters from heat-capacity measurements.

Parameter

T, (K)
y (mJ/moleK )

SD (K)

2A/k T,
~c/y'T.

'

N*(0)
(states/eV atom)
N(0)
(states/eV atom)
N(0) theory'
(states/eV atom)

21.0
34 +3

297 +3

4.2+0. 1

1.9+0.05
1.4

3.7+0.2

1.5+0. 1

1.2

B

20.0
28.0+2

313 +3

4.8+0. 1

2.0+0.05
1.4

3.0+0.2

1.2+0.2

1.2

Nb3Ge'

21.8
30.3

302

4.2
2.3
1.7

3.2

1.2

Nb3A1

18.7
36

283

5.6
3.2
1.7

3.8

1.8

Nb3Sn'

17.9
35

270 (T~T, )

204(T =0)

3.5
1.7

3.7

1.4

1.5

V3S~

17.0
62.8

435(T )T, )

297( T =0)
3.77

1.3

5.6

2.4

'Stewart et al. (Ref. 21).
Cort et al. (Ref. 23).

'Stewart et al. (Ref. 24)

Junod and Muller (Ref. 25).
'Klein et al. (Ref. 29).



with the tunneling results. Figure 11 shows an overlay of
the C/T-vs-T data with the various fits to the data that
produced the parameter's just quoted. The agreement is
good cxccpt fo1 thc low-temperature data~ which show cx"
cess heat capacity. There is no distinct transition (as with
the 3.06-K material that showed up as a second gap in
tunneling experiments reported by Rowell et al. ). How-
ever, as already noted, it is possible that there is a small
amount of low-T, material with a very broad T, .

As noted earlier, sample 9 has also been analyzed by
tunneling (see Table II), T„and x ray (ao ——5.141 A) mea-
surements. Table III gives the parameters derived from
the heat-capacity measurements in comparison to results
from Nb3A1 (Cort et al. ), Nb3Sn (Stewart et al. ), V3Si
(Junod and Muller ), and Nb3Ge (Stewart er al. '). Also
included are the results for a second NblGC sample (B)
from which we did not extract tunneling information and
which has a T, roughly a degree lower than comparable
transition widths. Values for A, , needed to calculate X(0),
the bare density of states, are obtained from the tunneling
studies of Kwo and Geballe for NbIAI, Rudman and
Beasley for Nb3Sn, and this work for Nb3Ge and the in-
frared study of McKnight et al. for V3Si. The theoreti-
cal calculations for the bare density of states is from Klein
et ah."

2b, /ks T, =4.8 for sample B, as measured by heat capa-
city, is substantially higher than that typically found in
tunneling experiments. Also for B the value of y is lower
than the higher-T, sample 9. It would be interesting to
determine how y, X*, (0), and N(0) vary with T, in NbGe.
This will require either heat-capacity or critical-field mea-
surements on NbGe with a range of compositions (these
experiments are planned).

Analysis of a I'(co) spectra shows a sharpening of the
lowest-energy phonon branch and a shift to lower energies
as the composition of Ge is increased beyond its equilibri-
um value. The composition-spread study allows us to ob-
serve an increase in A. and a decreasing trend in (co ) as
T, increases. Mode softening plays an important role in
high-T, material as has been previously demonstrated in
Nb3A1 (Ref. 26) and in NbISn (Ref. 27). Common
behavior such as the cutoff in 26/kT, at -4.5 is obtained
at the limit of the Ge-, Al-, or Sn-rich side of the phase
boundary. (This limit has evidently been just exceeded by
the highest-T, sample, Figs. 1 and 3.) This commonality
is consistent with the suggestion that the softening of the
mode which connects the 215 structure with the neighbor-
ing Sn-, Al-, or Ge-rich phase (the so-called Hyde rotation
in the case of Al and Ge) defines the metastable limit.
We have used the microscopic parameters generated to
test several relationships for T, and 2b, /kIIT, . We found
there wRs fR1rly good aglccrIlcrlt between thc rrlcasur'c-

rnents and calculat1ons for T, by us1ng the empirical
McMillan and Allen and Dynes equations. Using the full
cE F(co ) Rlld solvlllg tllc llllcarlzcd Ellashbcrg equations
give agreement comparable to that provided by the empir-
ical equations. The Geilikman-Kresin equation for
25/kIIT, agrees poorly in niobium-rich material, but as

stoichiomctr'y ls approached agrccmcnt improves. IrIl-
proved agreement was obtained using (~) rather than
co&,g. The quantitative results are given in Table II. Note
that while parameters such as A, and (co) are relatively
insensitive to the choice of proximity parameters, p is
very sensitive. For instance, a variation in the choice of
the parameters that causes A, to vary by 10% would cause

p to vary by over 30%.
The functional derivatives of Bergmann and Rainer'

for ."I; and Mitrovic et al. ' for 6 and 2b, /kIIT, give
qualitative agreement with the observed trends relat1ng
mode softening in CI F(co) to those quantities. It would be
1nterest1ng to make the compar1sons quant1tatrvely. An-
derson et al. have suggested that the degradation of T,
with increasing resistivity in many high-T, systems is due
to increasing Coulomb repulsion (and thus an increase in

p ). 0111' tuIIIlclIIlg Icslllts do Ilot show Rny sys'tclIlRtlc Ill-
dication of this (see Table II), but again p* is not very well
determined when the proximity analysis is used. Thus a
role of p* in degradation of T, in off-stoichiometric
NbGe cannot be ruled out. Recently, Rowell et al.
demonstrated that the use of artificial aluminum oxide
barriers on sputtered niobium eliminated the need for the
proximity analysis where it previously had been needed.
We made a preliminary attempt to extend this to our
electron-beam codeposited Nb3Ge without success.

By combining tunneling a I' (co ) with heat-capacity
measurements we have been able to obtain a wide variety
of superconducting parameters. That the heat-capacity
measurements show agreement with the results of tunnel-

1rlg glvcs cvldcrlcc that both rIlcasurcIIlcnts arc ploduclng
valid results in the attempt to understand the basic mecha-
nisms of superconductivity in Nb3Ge. The moderate
value of the density of states (1.5+0.1 states/CVatom)
compared to that of Nb (2 states/eV atom) and V3Si (2.4
states/eV atom) suggests that attributing the high-
transition temperature in Nb3Ge to a peak in the density
of states at the Fermi surface is not a valid hypothesis.
Mode softening is at least partially responsible for the

high" T super corlductlv1ty 1rl Nb3Gc.
In this work we have tried to apply state-of-the-art

theory to state-of-the-art experiments on the highest-
temperature superconductor. The results are satisfactory
from a semiquantitative point of view, but improvements
in synthesis and/or theory are still needed before a fully
quantitative understanding of the 215 superconductors is
Rchicvcd.

Two experiments are suggested by this work. One (as
mentioned already) is to look at y, N*(0), and N(0) as a
function of composition in NbGC. The other is to look at
tunneling a F(co) as a function of composition in a high
density-of-states 315 superconductor (e.g., V3Si) where
mode softening might not be needed to produce the high
Tg 0
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