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Electron-Phonon Contribution to the Phonon Linewidth in Nb: Theory and Experiment
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We present theoretical calculations and experimental measurements of the phonon line-
width for Nb. The calculations employ the rigid muffin-tin approximation and a realistic
band structure. The measurements were done at low temperature to minimize the con-
tributions to the linewidth from phonon-phonon interactions. The calculations predict and
experiments confirm strong electron-phonon coupling for the longitudinal phonon modes

in the [110] direction.

The phonon linewidth contains very detailed in-
formation concerning the electron-phonon inter-
action. Allen' has shown that the electron-phonon
contribution to the linewidth of a phonon having
mode index i and crystal momentum q, y;(@),
measures directly the contribution to the total
phonon-mediated electron-electron coupling aris-
ing from this particular phonon. Thus the elec-
tron-phonon coupling parameter x» which deter-
mines the electronic mass enhancement and su-
perconducting transition temperature® is simply
a weighted average of the phonon linewidth,

A =2vi@/1NEr)w 2@,
q,t

where N(E) is the density of states of one spin
at the Fermi energy.® The spectral function*
a*(w)F(w), obtainable from tunneling measure-
ments, may also be written as an average over
the linewidth as

a*(W)F (@)= L7 @6lw - w; @)/ 27N E)w. (1)
q,i

Linewidth measurements are very important for
Nb because Nb has the highest transition temper-
ature of any element and because the tunneling
measurements on Nb remain quite controver-
sial.>® Axe and Shirane,” Shapiro, Shirane, and
Axe,® and Bobrovskii ef al.® have measured pho-
non linewidths in Nb,Sn, Nb, and Pb, respective-
ly. These Nb and Nb,;Sn measurements were,

1004

however, limited to transverse modes and to fre-
quencies less than twice the superconducting en-
ergy gap.

The linewidth can be calculated as a double Fer-
mi-surface integral

v:(@)= (nﬁ/ZMa)%% 6(Et —Ey)o(Eq ~Ey)

xs& -k - DIMril?, @)

where M, is the atomic mass. The matrix ele-
ment M4’ is given by M =[d®r yp*(Fleg 1t
XVV,W,(-IE), where ¢, is an electronic wave func-
tion, € is a phonon polarization vector, and VV
represents the change in crystal potential due to
the displacement of a single atom. In our calcu-
lations we have employed the rigid muffin-tin ap-
proximation' which has been applied to a number
of systems'™ ' and which seems to predict the
correct magnitude and trends for the average
electron-phonon coupling strength in the transi-
tion metals.®

We have calculated y;(q) throughout the Bril-
louin zone by performing the integrations indicat-
ed in Eq. (2). Each Fermi-surface integration
extended over a mesh of 53424 first-principles
points at the Fermi energy. Values of y,.('d) were
stored in 5200 bins chosen to fill the irreducible
wedge of the phonon Brillouin zone. The results
of our calculations (described below) indicated
considerable variation in y;(q) as a function of
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both q and i. Since particularly large linewidths
were predicted for the longitudinal modes in the
[110] direction, we undertook a preliminary in-
elastic neutron scattering investigation of the pho-
non linewidths in Nb with primary emphasis on
this direction.

The phonon linewidth measurements were made
on the HB-3 spectrometer at the Oak Ridge high-
flux isotope reactor under conditions of constant
@ and constant E’; a value of E'=5.0 THz was
utilized for the latter throughout the investigation.
The horizontal soller slit collimation was 3 be-
fore the sample and 3° after the sample. The
monochromator was a Be(002) plane with a mosa-
ic spread of 0.3° and the analyzer was either a
Be(002) plane with a mosaic of 0.3° or a Be(101)
plane with a mosaic of 0.1°. The Nb sample was
a single crystal 4.5 cm long and 1.5 cm in diam-
eter with an anisotropic mosaic spread which var-
ied between 0.15° for the (002) reflection and 0.4°
for the (220) reflection. The sample was mount-
ed with the [170] axis vertical in an Air Products
closed-cycle He refrigerator and maintained at
~13°K. About 45 phonon groups were measured
at this temperature; however, a few measure-
ments were made at room temperature for com-
parisons.

The instrumental contribution to the observed
linewidths was calculated with the aid of the Coop-
er-Nathans resolution function'* assuming a pla-
nar region of the dispersion surface in the vicin-
ity of each wave vector measured. With the tight
collimation used in the experiment the instrumen-
tal-resolution function is expected to be of Gauss-
ian form if the sample mosaic is small and iso-
tropic. For some of the narrow and well-focused
transverse phonons somewhat asymmetric peak
shapes were observed which are undoubtedly as-
sociated with the poor mosaic mentioned above;
however, this anisotropy is not expected to affect
greatly the longitudinal widths—at least those
that are not sharply focused.

With only a few exceptions the observed widths
are greater than the calculated instrumental
widths. For the longitudinal modes in the [110]
direction the measured widths greatly exceed the
instrumental widths. In order to extract the non-
instrumental contributions, the observed line-
widths were assumed to be a convolution of a
Gaussian width due to the instrumental contribu-
tion plus a Lorentzian width from electron-pho-
non and phonon-phonon contributions'®; however,
the phonon-phonon contributions are expected to
be minimal at the low temperatures employed
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FIG. 1. Phonon linewidths in Nb. Histograms indi-
cate calculated linewidths (full width at half-maximum).
Solid histograms indicate longitudinal modes. Dashed
and dotted histograms indicate transverse modes.
Circles (triangles) are experimental longitudinal-
(transverse-) mode linewidths. Measured transverse
modes have [001] polarization.

and the few phonon measurements at room tem-
perature support this assumption.

Theoretically predicted linewidths are shown
in Fig. 1 for the [100] and [110] symmetry direc-
tions. Experimentally determined linewidths for
the [110] direction are also shown. The most ap-
parent structure lies in the [110] direction where
the longitudinal-mode linewidths are quite large
and the transverse-mode linewidths small. The-
ory and experiment seem to be in reasonable
agreement in this direction. The structure in
this direction arises (according to the calcula-
tions) from the superposition of several peaks
whose exact positions depend on the details of the
Fermi-surface geometry so it is not surprising
that the agreement is not perfect. The strong
electron-phonon coupling for [110] longitudinal
phonons arises mainly from scattering between
states on the Fermi surface which lie near the
line T (i.e., along [110]) in the electronic Bril-
louin zone. We shall show in a subsequent publi-
cation that the scattering rate for this type of
scattering is enhanced by the phase relationships
of the wave functions which enter the electron-
phonon matrix elements.

A second interesting feature of the calculated
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FIG. 2. Calculated and experimental spectral func-
tions for Nb, The calculated spectral function should
be broadened somewhat since the 6 function in Eq. (1)
should really be a Lorentzian of half-width v;(d).

linewidths is the peak in the longitudinal mode
for §=[0.73(27/a),0,0]. This peak arises from
transitions between states in the I'NH plane on
the arms of the jungle-gym sheet. Unfortunately,
the longitudinal- and transverse-phonon frequen-
cies are degenerate at this point; so it is very
difficult to unambiguously disentangle the line-
widths experimentally.

The calculations generally predict somewhat
larger linewidths for the longitudinal modes than
for the transverse. This seems to be confirmed
by the measurements made to date, although the
extreme difference between longitudinal and
transverse linewidths observed along [110] is
probably atypical. In Fig. 2 we plot a®F as cal-
culated from the theoretical linewidths using Eq.
(1). Also shown in an experimental spectral func-
tion from superconducting tunneling.’® The cal-
culated coupling is definitely stronger for the up-
per peak than is observed experimentally. At
very low frequencies, on the other hand, the cal-
culated o®F lies substantially below the experi-
mental. o?(w) as obtained from the calculations
is reasonably constant and equal approximately
to 3 meV except for frequencies above 6.2 THz
and below 1.5 THz in both of which cases it drops
off precipitously. The calculated value of A is
1.20 which is somewhat higher than the empirical
estimate® of 0.97.

The theoretical prediction and experimental
confirmation of strong electron-phonon coupling
for phonons in the region of the Brillouin zone
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near the N point is particularly interesting be-
cause strong electron-phonon coupling is gener-
ally expected to be associated with anomalously
soft phonons and this particular region has not
previously been considered to be anomalous. An
examination of the phonon dispersion curves for
Nb-Mo alloys,'” however, shows that the longitu-
dinal-phonon frequencies along [¢,¢, 0] for £>0.3
are strongly depressed in Nb relative to alloys
containing 15% or 35% Mo. It is likely that addi-
tion of Mo to Nb decreases the electron-phonon
interaction due to the reduction in N(E ) and al-
lows the observed frequencies to rise toward
their “bare” or unrenormalized values. It is sig-
nificant that the transverse modes near the N
point do not seem to be greatly affected by the ad-
dition of Mo which is consistent with our predic-
tion and observation of rather weak electron-
phonon coupling for these modes.

The most discussed anomaly in Nb is a dip in
the longitudinal branch near §=[0.7(27/a),0, 0].
Several apparently different explanations have
been offered for transition-metal phonon anom-
alies including band-structure effects,'® charge-
fluctuation interactions,'”?* and resonance screen-
ing effects,? but it is not clear to us whether or
not these explanations are inconsistent with each
other. We believe that band-structure effects
are at least partially responsible for this anom-
aly since it coincides with a peak in the calculat-
ed linewidth. Pickett and Allen® have recently
obtained a simple, approximate, semiempirical
relation between the linewidth and the phonon-
frequency renormalization, €,*(q) — w;*(q) = 4w
Xvy,(@)/7, where 2, is a “bare” phonon frequency,
w; is the observed phonon frequency, and w is a
constant equal to 0.3 eV for the [100] direction in
Nb. Applying this equation to calculate €,(q) us-
ing our calculated values for -yi('ci) removes most
of the dip in the [100] LA branch and eliminates
the nonlinearity of the [100] TA branch at low q.
The Pickett-Allen formula can only be valid in
some average sense, however, since y;(q) can
have discontinuities that are not expected to ap-
pear in w;(Q).

Our results are relevant to the recent contro-
versy over superconducting tunneling experi-
ments on Nb and to the question of the possible
failure of strong-coupling theory for this materi-
al.*® The basic problem is that the tunneling ex-
periments show substantially weaker coupling,
especially at higher frequencies, than is consis-
tent with the observed value of T, and a reason-
able value of the repulsive Coulomb pseudopoten-
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tial, pu*. We suggest that the tunneling experi-
ments may not be picking up the full bulk electron-
phonon coupling especially at the higher frequen-
cies. In support of this suggestion we note that
the area under the experimental o®(w)F(w) curve,
for frequencies greater than 5 THz, is less by a
factor of 2.3 than the corresponding area under
the calculated curve.* In addition, the calculated
values of a®(w) are supported by the admittedly
limited linewidth data available at present. We
also note that the electronic transitions contribut-
ing to the upper peak in o*(w)F (w) occur primari-
ly between states of unusually low Fermi velocity.
This fact coupled with a relatively short lifetime
for these states could lead to a very short mean
free path for those electvonic states vesponsible
for the high-frequency electvon-phonon coupling.
Such a short mean free path (we estimate a few
tens of angstroms) would make it questionable
whether or not the effects of the coupling contrib-
uted by these states would appear in the tunneling
current. More precise calculations of mean free
paths and more extensive linewidth measurements
are needed to test this suggestion.
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