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Calculated electron-phonon contributions to phonon linewidths
and to the electronic mass enhancement in Pd
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This paper presents a calculation of the linewidths of phonons in Pd owing to decay into electron-hole
pairs. Korringa-Kohn-Rostoker energies and wave functions are used with the rigid-muffin-tin approximation
(for the electron-phonon matrix element). The linewidths of the longitudinal [$00] phonons show a sharp
maximum which is in qualitative agreement with the recent experimental observations of Youngblood et al.
Relatively large linewidths are calculated for a transverse mode (T,) along the [110] direction, which are in

good agreement with the previous experiment of Miiller. Both the matrix element and the joint density of
states at the Fermi energy contribute to the magnitude of the calculated linewidths. The electron-phonon
contribution to the electronic mass enhancement is calculated to be 0.41. This result is used to estimate the
contribution due to paramagnetic Auctuations.

I. INTRODUCTION

Pall. adium is an interesting metal for several
reasons. Although it is in the same column of the
Periodic Table as nickel and possesses a high mag-
netic susceptibility, it is not a ferromagnet. Al-
though the electronic density of states at the
Fermi energy is large, as is the electronic mass
enhancement, ' ' palladium is not a superconduc-
tor. . Furthermore, the temperature dependence of
the resistivity' and magnetic susceptibility of
palladium are anomalous. '

The current theoretical model for Pd emphasizes
strong Coulomb many-body effects which enhance
the Fermi energy electronic mass and the mag-
netic susceptibility while preventing superconduc-
tivity. ' " Unfortunately, this model is not quan-
titative at present due to experimental and theo-
retical difficulties. Qn the theoretical side it is
not yet possible to calculate (even approximately)
the screened Coulomb matrix elements for a
metal like Pd. On the experimental side the pre-
cise magnitude of the magnetic Pauli susceptibil-
ity enhancement is difficult to determine because
of the difficulty of separating the susceptibility
into its various components (Pauli, orbital, core
diamagnetic, etc.). Similarly it is difficult to

' identify the Coulombic (or spin-fluctuation) mass
enhancement because of the simultaneous presence
of the electron-phonon mass enhancement. The
work described in this paper is a step in the un-
raveling of this puzzle. We have calculated the
electron-phonon component of the electronic mass
enhancement using realistic energy bands and
wave functions. Comparison of the electron-pho-

non component of the mass enhancement with the
total mass enhancement as determined by low-
temperature specific-heat or de Haas-van Alphen
measurements allows estimation of the Coulombic
mass enhancement.

The difficult part of electron-phonon calculations
is the choice of matrix elements. We use the
rigid-muffin-tin description" "of the elt.'ctron-
phonon coupling, and within this model, this cal-
culation has been done to high precision. However,
there is no aPrioH. way to judge the accuracy of the
rigid-muffin-tin model. Fortunately, several in-
dependent experimental checks confirm that this
description gives accurate results for Pd. One of
the checks is the resistivity which we have calcula-
ted using the same electron-phonon matrix ele-
ments. " A second and more basic check is the
phonon linewidth which probes the electron-phonon
interaction in great detail. " The primary objec-
tives of this paper are to describe our calculation
of the electron-phonon contribution to the phonon
linewidth, to compare our results with the avail-
able experimental data, and to make a tentative
estimate of the Coulombic mass enhancement.

II. CALCULATED PHONON LINEWIDTHS

The phonon linewidths reported here were cal-
culated in the same manner as those reported
previously for Nb. "'" A Korringa-Kohn-Rostoker
(KKR) band-theory program operating in a con-
stant-energy mode was used to generate wave
vectors and wave functions for a dense mesh of
676 points on the irreducible 1/48th of the Fermi
surface. Phase shifts and a Fermi energy density-
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of-states analysis for the crystal potential used
here have been given previously. 4 The wave func-
tions and wave vectors were used to calculate the
electron-phonon contribution to the phonon line-
width according to Eqs. (1.12) and (1.13) of Ref.
17. As in our previous work, the "rigid-muffin-
tin" approximation" "mas used to construct the
electron-phonon matr ix elements.

The calculated linewidths for phonon wave vec-
tors along symmetry directions are shown in Fig.
1. Several interesting features are morthy of
note: (i) There is a sharp peak in the longitudinal-
mode [)00] linewidth for /=0. 32. (ii) The [$00]
transverse linewidths are quite small. (iii) There
are sizable transverse-mode (T,) linewidths along

[fg0] for 0.3 s i (0.6. (iv) The longitudinal-mode
linewidths increase rapidly with phonon momentum

q near q =0, especially in the [p(0] and [rgb] di-
rections.

Feature (i) as predicted by our calculation has
recently been confirmed by the inelastic-neutron-
scattering measurements of Youngblood et al.
(Ref. 18, following paper). Features (ii) and (iii)
are in good agreement with the measurements of
Miiller. "

(i) To understand the origin of the longitudinal
[$00] peak, a subset of the contributing Fermi-
surface transitions are shown as the horizontal
arrows in Fig. 2. The Fermi surface of Pd con-
sists of four sheets, only three of which are used
here. ""The "jungle-gym" sheet is the only im-
portant sheet for determining the phonon linewidths.
This sheet is an open surface consisting of "arms"
or "pipes" which intersect at right angles at the
X points. Also shown in Fig. 2 is a T'-centered
sheet of relatively low-mass electrons and an X-
centered ellipsoidal hole sheet. The spanning

vectors shown in Fig. 2 connect points on opposite
arms of the "jungle gym. " Since the arms of the
calculated Fermi surface have a very uniform
cross section in the (001) plane all three spanning
vectors have essentially the same momentum
q= [1.68, 0, 0], which after reduction by a reci-
procal-lattice vector is equivalent to [0.32, 0, 0].
The transitions can equally mell be viewed as
connecting opposing points on the same arm of
the jungle gym. Thus the position of the longitudin-
al [&00] peak is determined by the width of the
jungle-gym arms in the (001) plane. The empha-
sis on the (001) plane is largely a matrix element
effect for which we do not have a simple explana-
tion. A similar effect is observed in Nb. "

Also shown in Fig. 2 is the experimental trace
in the (001) plane of the "jungle gym" as determined
from de Haas-van Alphen measurements. " The
arms of the jungle gym are somewhat wider and
more variable than in our calculation. The ex-
perimental width varies from 0.35 to 0.44 in units
of 2w/a so that the peak should be shifted to /=0. 4,
as seen experimentally (see Fig. 2 of Ref. 18).
It should be emphasized that this peak is not a
simple "nesting" effect but is caused by the matrix
elements.

(ii) The calculated linewidths for the [$00].
transverse modes are quite small, especially in
the vicinity of the longitudinal-mode peak. This
feature is in agreement with Miiller's measure-
ments and is due to the fact that the transitions
which contribute to the longitudinal peak connect
Fermi-surface points which are usually related
by reflection in a mirror plane, e.g. , (100) plane.
For the transverse modes, such transitions have
vanishing matrix elements (see.Appendix I of Ref.
17).
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FIG. 1. Calculated line-
widths for phonons propa-
gating along symmetry di-
rections. Solid histograms
indicate values for the long-
itudinal modes. Dashed his-
tograms denote transverse
modes; the dotted histogram
for the h10] direction indi-
cates the &~ transverse
modes.
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FIG. 3. Linewidths for transverse phonons (T&) in the
[110] direction. Both our calculation (solid histogram)
and the experimental results of Miiller (Ref. 19) (circles)
are displayed.

FIG. 2. Intersection of the Fermi surface of Pd with
the (001) plane. The solid lines indicate the surface
used in this calculation. The dotted lines denote the
surface as determined by de Haas-van Alphen experi-
ments (Ref. 20). The arrows are a sample of the main
contributions to the linewidth peak in the [100j direction.

(iii) The only appreciable transverse-mode
linewidths predicted by our calculations are for the

T, mode (polarization along [110]propagating in
the [gg0] direction). Transverse-mode linewidths
are generally easier to measure with inelastic
neutron scattering due to focusing effects. ""Our
results for these modes are in rather good agree-
ment with the earlier measurements of Miiller"
as shown in Fig. 3. We have recalculated the ex-
perimental linewidths from Miiller's data based on
the assumption that the observed width is a con-
volution of a Gaussian instrumental line shape and
a Lorentzian electron-phonon line shape" rather
than two Gaussian line shapes. This correction is
significant if the observed and instrumental widths
are comparable.

The transitions which contribute to the [A/0] T,
linewidth for /=0. 3 largely lie across the arm of
the jungle gym in the (001) plane. For larger E

they tend not to lie in symmetry planes. Miiller
also measured T, linewidths along [110]at 296
and 853 K. The structure is less pronounced at
higher temperatures. This smearing may be partly
due to increased phonon-phonon scattering. But it
is difficult to accept this as the entire answer,
since the average linewidth does not increase sig-
nificantly with temperature. Another important
factor is the contribution from transitions. between
states within -+3 k~7 of the Fermi surface. Be-
cause the jungle-gym velocities are small, (rsF/
ak)-0.075 By A, at 853 K, ak is 0.43 A ' which is

III. JOINT FERMI ENERGY DENSITY OF S'TATES

It was pointed out in Ref. 17 that the structure
in the linewidth ean be viewed as arising from '

three sources operating simultaneously. Knowing
only the shape of the Fermi surface, the Fermi-
surfaee intersection of two sheets s and s' ean
be calculated:

1„(d)=( ',. f dS, dS;il(I —O' —S),
s s'

(3.1)

where 9, is the atomic volume and the integrals
are over sheets s and s' of the Fermi surface.
I„(q) determines the phonon momenta for which
these two sheets yield linewidth contributions con-
sidering geometry alone. If the Fermi velocities
v~ are also known the joint Fermi energy density
of states (JFEDOS) can be calculated by

25% of the distance between I' and K.
The large [$/0] T, linewidths coincide with an

anomaly in the phonon frequency dispersion. Wat-
son-Pang and Freeman" find an enhancement in
their "generalized" susceptibility in this region
of the Brillouin zone.

(iv) The calculation predicts a rapid increase of
the linewidth with g at low g for the longitudinal
modes, especially for the [r„, r. , 0] and [g, g, g] di-
rections. This strong electron-phonon coupling
for low momentum phonons shows up strongly in
the calculated spectral functions o.'F(&u) and
o.'(+xx)F(&u) (see Bef. 14 for definitions of these
quantities). At present there is no experimental
confirmation of this strong coupling at low momen-
tum transfer. It seems to arise from the rapid
variation of wave-function character with wave
vector on the jungle-gym sheet.



19 CALCU LATED E LECTRON -PHON ON CONTRIBUTION S TO. . . 6013

Z„,(q) = ', ' ' 5(a-a'-q). (3.2)2' ~ KV), ~i RV), t

J„,(q) is very similar to I„(q) but allows for the
variation in density of states on the Fermi surface.

Calculated values of I,&(q) and J„.(q) are shown in
Fig. 4 for s and s both being the jungle-gym sheet.
The total JFEDQS is dominated by this contribution.
The significant feature of Fig. 4 is how greatly it
differs from Fig. 1. The longitudinal [)00] line-
width peak, which originates from intrasheet
jungle-gym transitions largely in the (001) plane,
is a small feature in the JFEDQS. The only dif-
ference between the JFEDOS of Fig. 4 and the
linewidths of Fig. 1 is the inclusion of the electron-
phonon matrix elements in the linewidths. Thus
the matrix elements are crucial to understanding
the mode and momentum dependence of the elec-
tron-phonon inter action.

IV. ELECTRON-PHONON COUPLING CONSTANT AND

SPECTRAL FUNCTION

The spectral function n'E(~) can be calculated
directly from linewidths using E(l. (1.18) of Ref.
17. A Born-von Kd.rmhn interpolation of the
neutron scattering data by Miiller and Brock-
house" was used to determine the phonon disper-
sion and polarization vectors. The spectral func-
tion has been presented previously"'" and is
characterized by large values of n' at low ~. This
effect is particularly noticeable when o. 'F(u&) for
Pd is contrasted with n'E(&u) calculated for Nb""
or for Mo,"and it arises from the large line-
widths of the longitudinal modes for low phonon

- momentum.
The value X =0.41 for the electron-phonon cou-

pling constant or mass enhancement is calculated
from the spectral function by

(4.1)

(w') =f n')" (~)(a d(a

= 11.95 (THz)'.

o! F((d) (d d())

(4.2)

If the calculated X and (d „,, and an assumed p, * of
0.13 are used in the Allen-Dynes modification of
McMillan's formula for the superconducting transi-
tion temperature, ""the result is 0.3 K.

V. ANISOTROPY OF THE MASS ENHANCEMENT

The mass enhancement X„due to the electron-
phonon interaction varies somewhat with k on the
Fermi surface. The mass enhancement averaged
over the entire Fermi surface X =(X~) is seen in
specific-heat measurements. However, in the de
Haas-van Alphen experiments, the measured mass
enhancement has been averaged only over the ap-
propriate orbit. Naturally these mass enhance-
ments depend on the specific orbit. Variations of
the mass enhancement are often larger between
different sheets than on a single sheet. This can
be understood in terms of the similar character
of the wave functions on an individual sheet. For

Other quantities calculated from the spectral func-
tion are"

Jc)'F((d)&u '1n(d d&u
~)~ =exp ~, ( ), i =2.71 THz,

(v)= fa'P(v)dm f a'F(+4 'dtd=3. 135 THz,

o
CQ

o
A ~

X
M
W

E o
N

M
CO
A.o~ o—

FIG. 4. Joint Fermi en-
ergy density of states Jss
(solid histogram) and Fer-
mi-surface intersection .

I„(dashed histogram) .
The sheet designated by
both s and s' is the "jungle
gym. " The Fermi-surface
intersection has been di-
vided by the square of the
average Fermi velocity.
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this reason, the mass enhancement averaged only
over a specific sheet may give insight into these
experiments. For a sheet s of the Fermi surface,
X averaged only on that sheet is denoted by X, and
is given by Eq. (3.5) in Ref. 17 (see Table I}. For
Pd, approximately 90% of each X, is a result of
scattering into an electronic state on the "jungle
gym", the reason being that 90% of the total den-
sity of states resides on this sheet. Qur values of
X, are very similar, varying from 0.381 on the
ellipsoids to 0.415 on the jungle gym.

VI. DISCUSSION AND CONCLUSIONS

Sheet N, (Ryspin) ~

1 JUIlgle gym
2 1 -centered

sheet
3 X-centered

ellipsoids
All sheets

0.415
0.405

0.381

0.414

13.8
1.3

0.4

15.5

TABLE I. Anisotropy. of the electron-phonon coupling
constant &,. The three sheets of the Fermi surface are
shown in Fig. 2. The density of states for each sheet,
N„ is also displayed.

The generally good agreement between our cal-
culations of the electron-phonon interaction and
experimental measurements of resistivity and
phonon linewidth substantiates our calculated value
of the electron-phonon mass enhancement in Pd
(0.41). The total mass enhancement can be ob-
tained (one hopes) by comparing specific-heat
measurements with band-theory values for the
Fermi energy density of state s. For tunately,
most band calculations' 4 seem to agree that the
unenhanced Fermi energy density of states for Pd
is approximately 16 states (Ry atom spin), while
the enhanced density of states obtained from
specific-heat measurements" is' 27. 5 states/
(Ry atom spin). The total enhancement is Xr = 0.72.
Subtracting 0.41 for the electron-phonon compo-
nent leaves a "spin-fluctuation" enhancement of
X»=0.31. This value is quite close to the value
0.35 assumed by Fay and Appel" in estimating the
"P-wave" superconducting transition temperature.

Palladium seems to be performing a delicate
balancing act. Presumably if spin-fluctuation
effects were slightly stronger it would be either
a ferromagnet or a paramagnon coupled "P-wave"
superconductor, and if electron-phonon effects
were slightly stronger it would be an "s-wave"
superconductor. It is, however, none of the above

for temperatures as low as 1.7 mK." The absence
of s-wave superconductivity seems to be roughly
consistent with our results for X,~ and A. sF since
Gladstone et al. ' have proposed the following
criterion for a vanishing T, :

e«et SF I" ~ en~ (6.1)

Using the above value for A.,~, X», and p, *, we
obtain X,« = -0.06.

Qur results reported in Ref. 14 for the "P-wave"
coupling constant were similarly pessimistic.
More detailed discussions of both the "P-wave"
coupling constants and the transport coefficients
of Pd will be given in future publications.
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