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Enhanced Superconductivity by Electron Renormalization of a Directly Observed
Brout-Visscher Local Phonon: Re in Mot Re„
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Tunneling reveals a -14-meV resonance mode of Re in Mol-„Re„, 0.2 & x & 0.4, which contributes
strongly to a2F(at) and to strong coupling, 2d/kT, —3.53 b & 0. The anomalous softening and width

of the resonance mode are consistent ~ith the standard theory of phonon renormalization by the electron
gas. These unexpected results explain the low-iV(0), high-T, behavior of Moo.6Re0.4 and possible
N136e.

PACS numbers: 74.50.+r, 63.20.Kr, 63.2Q.Pw, 74.7Q.-b

The effect of a mass defect on the vibrational spectrum g(ta) of a perfect crystal is simply described in two limits. A
light mass induces a localized mode at tat, above the cutoff of the pure crystal. For a heavy mass, Brout and Visscher'
predicted a lower frequency in-band resonance at ca, . This vibration, whose amplitude is sharply peaked and 180 out
of phase with the host at ta, in the case (rn' m)/m —a~ 1, resembles a spatially localized optical mode. Because ta,
lies in the allowed band, one expects (localized-) phonon decays and a lifetime width, wg. The mean square vibration
amplitude at frequency at is'
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The resonance frequency ta, is determined by the vanish-

ing of the first term in the square brackets.
The existence of such resonance modes in metals has

been inferred from inelastic neutron scattering. ' Sys-
tems studied include Cu:Au, 3 Cr:W,4 and, in less detail,
Mo:Re, with m'/m 1.94, where ta, 3.5 THz was re-
ported at 15 at. % Re.

Recently, Yu and Anderson6 discussed electron-
phonon coupling and superconductivity in high-T, A15
metals modeled by a "local phonon" (vibration of a sin-

gle atom) coupled to the Fermi gas. Their paper also
presents a simplification of the usual Migdal-type theory
suitable for our work. In this approximation of "spinless
electrons" or Tomonaga bosons, the dispersion of the
electrons is treated in a linear approximation.

The Re vibrational mode in Mot „Re, particularly
resembles this situation. s The assumption of an atom
whose motion is especially susceptible to screening is
suggested by the large amplitude at the resonant fre-
quency. For Re in Mo, calculation of R(ta, ) from Eq.
(1) predicts a mean square amplitude (at ta ta, ) 7
times that of the host at the same frequency. The ob-
served peak increases, broadens, and shifts to lower ener-

gy (softens), all of which fit the picture of electron
renormalization.

In superconductors, ~here tunneling spectroscopy can
directly determine azF(m), several local modes, includ-
ing Pb:In and Pd:D,s have been observed. Surprisingly,
there has apparently been no previous observation of a
resonance mode by tunneling.

The T, in bcc Mo~ „Re„' rises from 0.92 K at
x 0 to about 12.3 K at x 0.4 (hatched„ in Fig. 1).
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FIG. 1. DashMotted line: 30N(0), in eV 'atom ', Ref.
10; closed triangles: 10AM,R„ in meV; hatched: t, (x), in K,
from Refs. 9 and 10; closed squares: gap-opening t„ in K;
lambda symbols: 10Xtt (see text); open triangles: 2d/kT„ IV:

point obtained from Ref. 11; open circles: (phonon ener-

gy)x ~, in meV; L, T, R: (longitudinal, transverse, and R-
phonon energies) x —,', , in meV, for x 0 from Fig. 2(b), and
Ref. 12; M 'I2: calculated dependence 1/M, „(x)' 2; HG: (R-
peak energy) & —,'o (meV) from Ref. 5; S: additional shift of R
peak.
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The discrepancies of up to 2 K may represent different
states of anneal of bulk specimens. The T, values at
electron/atom ratio e/a 6.4 (the second Matthias T,
peak) are similar to those in the first peak at e/a 4.7
(N1075Zr02s), but the density of states [Ã(0) (dash-
dotted line, from Ref. 10] peaks at about 1/eV atom,
about —,

' that at e/a -4.7.'0 The reason for the compa-
rable T, with reduced W(0) is not clear, because no
a F(co) results have been reported for any crystalline
elements or alloys near e/a 6.4.

We prepared tunnel junctions on MoRe films dc sput-
tered at 500-700 4/min from Mo and Re disks onto
sapphire substrates at about 900'C by use of oxidized
40-A Al film barriers and Pb counterelectrodes. Diffrac-
tometer measurements confirmed the A2 (bcc) crystal-
line phase of MoRe with about 500-A. grains. Resistance
ratios were 1.7 to 2.8, and x was determined by electron
microprobe under individual junctions. Lattice parame-
ters ao 3.134 and 3.1265 A, respectively, at x values of
0.225 and 0.335 agree to 1% in x with published bcc ao
vs x data. "'4

Tunneling I-V measurements of the gap b, and T, of
individual junctions determined from dV/dI spectra are
summarized in Fig. 1. The T,'s of our films are 0.2 to 1

K lower than for bulk samples. 9'0 In view of the sensi-
tivity to preparation of bulk samples, we attribute this
small, =2%-10% reduction to the smaller grain size.
The gap x and T, measurements, plus Eliashberg inver-
sions, characterize the MoRe in each junction. The
values of 2d/kT, of six junctions (x 0.22 to 0.33) are
shown in Fig. 1. The values are seen to rise above the
BCS ratio (3.53, dashed line in Fig. 1).

In tunneling measurements at 1.4 K with the Pb elec-
trode normal, three phonon peaks were observed directly
in the dV/dI and d2V/dI2 curves. We determined
a F(co) with a modified McMillan-Rowell method. 's

The rms deviations between the measured T,'s and cal-
culated T,'s from the inversions (not shown) average
over the six junctions to 0.43 K or about 5%.

The a F (co) functions [Fig. 2(a)] all show an
anomalous low-energy (R) peak, in addition to the Mo-
derived transverse (T) and longitudinal (L) phonon
peaks. For comparison, bcc N1075Zr02~ shows only two
broadened peaks. 's' While the a2F(to) functions show
some noise, the weights and centroids of the peaks are
reliable, and this is confirmed by the systematic
behavior.

Results of a simple model of the anomalous R peak
are shown in Fig. 2(b). The dotted curve is the pure Mo
a F (co) determined by point-contract spectroscopy. '

[This spectrum was chosen rather than an a F(m) based
on a neutron scattering F(m) because it is a direct mea-
surement, and predicts our results slightly more accu-
rately than the calculated azF(ta) of Pinski, Allen, and
Butler. 's] We take this' as g(to), assuming constant e-

p coupling a2, and calculate I(co) r(co)g(a/) from Eq.
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FIG. 2. (a) a2F(m) functions measured at x 0.33 (solid
line), x 0.29 (dash-dotted line), and x 0.22 (dashed line).
Dotted inset at 16.8 meV shows I(co) for x 0 calculated from
Eq. (1). (b) Dotted curve, pure Mo (x 0) point-contact spec-
trum (Ref. 12). Dashed and solid curves, respectively, model

g (m) a2F(m) (constant a2) at x 0.22 and x 0.33, by the
addition of resonance mode I (c0) to pure Mo spectrum,
neglecting M,, ' softening.

(1). The calculated I(ca) [Fig. 2(a)] peaks at 16.8 meV.
This agrees with 16.2 meV obtained (Fig. 1, lower-most
curve R) by extrapolation to x 0 of our data (open cir-
cles) plus the value' 15.4 meV at x 0.15. This extra-
polation matches those (curves T and L in Fig. 1) con-
necting our T and L peaks to their x 0 limits (solid cir-
cles). For comparison, (M,„) '/z is shown dashed, and
evidently can be taken as a straight line. Hence, the
force constants for the Mo-derived peaks do not change
much up to x 0.35. For the R peak additional soften-
ing S is evident.

The predicted x 0 line shape I(co) is shown in Fig. 2
at 16.8 meV. Its full width is wd 3.15 meU, close to
the 3.2 meU estimated from Ref. 5 at x 0.15. This
width also approximates that of the R mode in the
a F(ro) for x 0.225. The dashed and solid curves
[modeling g (co) a F(ra) at x =0.225 and x 0.335]
in Fig. 2(b) are obtained by addition of I(ra) and g (c0),
respectively, in ratio of weights x/(1 —x). This neglects
changes of the host spectrum with alloying and interae-
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tions between Re atoms, and places all Re spectral
weight in the resonance mode. Apart from our neglect
of the (M,„) '+ softening, it predicts the x 0.225
a F(ru) [Fig. 2(a)] reasonably well, but underestimates
the strength of the R peak. This implies that the e-p
coupling a2 of the R peak exceeds that of the Mo-derived
peaks. %'ith increasing x, the R peak becomes increas-
ingly stronger, broader, and lower in energy than the
constant coupling model predicts. We conclude that the
anomalous R peak at x 0.225 sample is thc Re reso-
nance mode, and now consider its enhancement and shift
S with x, and the relation of these to the onset of
strong-coupling superconductivity. The observed 6's and
ratios 25/kT, are plotted (solid triangles and open trian-
gles, respectively) in the upper portion of Fig. 1. Note
that 2h/kT, extrapolates to about 4. 1 at x 0.4, which
agrees with a recent report. " In addition, we have plot-
ted (lambda symbols, Fig. 1) A,z, the contribution to the
electron-phonon coupling constant k 2f a2F (ro)
xro 'dro from the low-energy peak. The A,g points are
seen to increase in step with 2d/kT, .

A conventional measure of strong couphng (SC) is the
deviation of 2I!!/kT, from its BCS value, namely,
b c—=25/kT, —3.53. In Fig. 3 b (open squares) rises
more quickly than linearly versus kg. The dashed [ine is
1.26x b$~

Xg (b/ro„) 2 ln(ro, /a)
) —p (I+)I,~ln2)

itic, derived by Belogolovskii, Galka, and Svistunov, '

estimates the contribution to b c from the R peak.
Thus, we attribute about —, of the strong coupling b to
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FIG. 3. Strong-coupling parameter b c [squares, experi-
ment; dashed line, 1.26 times Eq. (2)]; shift S (circles); and e-

p width w,z (triangles) of the R peak [solid curves from Eq.
(3) with a 0.245 and b 14.77 meVl vs resonance mode
strength Xg.

the resonance mode.
The renormalization shift S (circles) and electron-

phonon width w,&~2 (Fig. 3, triangles) increase approxi-
mately quadratically and linearly, respectively, as func-
tions of A,g. While the shifts S can be directly and quite
accurately determined from the displacements of the
centroids of peaks in a2F (ro), the corresponding
electron phonon -lifetime widths w,z (distinct from w~,
which does not depend on e-p coupling) are less precise,
as the local mode decay width wg must be subtracted.
The close connection between ha~ and S is indicated in

Fig. 3 by their similar dependences on A,~. We have used
the theory of phonon renormalization as simplified in
Ref. 6 to obtain the solid curves in Fig. 3. The functions

S o ru ru o [(ro2o b2ak~)(I —ak~) —(—,
' shalt. ~)2]'i2/(I —aA,g),

w,~ mba). g/2(1 —aX~)

(3a)

[Eqs. (8) and (7), respectively, of Ref. 6] represent the
real and imaginary parts of the local-phonon-Tomo-
naga-boson self-energy. The values, a 0.245 and
b 14.77 meV, were adjusted to fit the shift S and,
without change, were used to plot the width w,~, Eq.
(3b). We have identified )!,g with A A, g 2'(0)I /
Mao, o of Ref. 6, where I is an e-p matrix element;
b uFk„with k, a cutoff; and a ro,oL/8z u$k„with L
a characteristic length and uF the Fermi velocity. Physi-
cally reasonable values, L 1.5 pm, uF 3&107 cm/s,
and k, =-10 cm ', for the microscopic parameters can
be chosen consistent with the fit values of a and b.

From the reasonable fit of the solid lines to the data in
Fig. 3, it is clear that the onset of strong-coupling super-
conductivity in MoRe is related to softening S of the R
peak, as b and S are quantitatively expressed in Fig. 3
as similar functions of the same variable, A,~. What, in

turn, is responsible for the increase of A,~ with x~
In Rcf. 6, the parameter A, which we identify with

A,g, is proportional to I (which is presumably enhanced
by the large amplitude of the defect mode) and to N(0).
So, in the end, the increase of N(0) with x, with the add-
ed "leverage" of the large I, is still responsible for the
increase in b c and S. It is presumably the same lever-

age that enables the system to reach 12 K at x 0.4 with
N(0) only 4 that of Nbo7sZro2s.

In summary, our a F(ro) functions for MoRe, near
the second Matthias e/a 6 peak, directly reveal for the
first time a Brout-Visscher resonance mode' in a F(ru).
We show a quantitative connection between the strength
A,~ of this mode and strong-coupling superconductivity. 2'

We suggest that the resonance-mode contribution is like-

ly the reason for the high T, of bcc Mo06Re04, in spite
of its low N(0). The softening S, width w,z, and large
A,g of the Re resonance mode in MoRc are quantitatively
related in Fig. 3 by e-p renormalization theory.

These unexpected new results suggest tests on similar
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alloys of other predictions of the Yu-Anderson model,
specifically the scaling theory results which are not test-
ed by the present cwork. Finally, our results lend support
to the local phonon picture for A15 superconductors
such as Nb36e, where the relatively low value
IV(0)-1.2 eV 'atom ' has been a puzzle at T, 22
K, and where softening of specific phonons has also
been seen in tunneling spectra.
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