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Phonon Broadening of Deep Excitations in Metals*
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A novel and widely applicable treatment of phonon creation by core excitations in reet-
als and alloys is used to examine results reported in recent Letters.

Several recent Letters discuss evidence for
phonon broadening of the x-ray lines shapes for
core levels in metals. ' ' In particular, appropri-
ate temperature dependences of profiles have
been detected. ~~ Unfortunately, the experimental
situation is complicated for metals by a number
of additive broadening and distorting processes.
A determined effort is therefore needed to con-
front theory with experiment even for the sim-
plest metals. Quantitative first-principles calcu-
lations of the core hole coupling to the lattice are
also lacking, other than model results for alkali
metals. "' Thus, neither theory nor experiment
yet provides a framework within which an in-
formed discussion of the general occurrence and
size of phonon effects in metals can proceed. In
this Comment, we present a new treatment that
xesolves the difficulty. Our procedure can be ap-
plied with ease to simple metals, transition me-
tals, and even impurity spectra in alloys. Phonon
broadening is found to vary by two orders of mag-
nitude among the 31 pure metals treated here but
rarely exceeds 0.25 eV at room temperature.
The broadening also depends on the particular x-

ray process in question. Experimental data re-
ported in recent Letters are discussed in the
light of these new facts.

Consider an electronic process confined to one
core of a solid. Suppose that the process imparts
momentum p, to the active core with mass M, and
position r, and has no other influence on the mo-
tion of the remaining N cores of mass M& and po-
sitions r„, where p. =1,2, . . . ,N. The normalized
probability that the process induces a transition
from state 4„of the lattice modes in the ground
electronic configuration to vibrational state 4 „'
of the solid in the excited electronic configuration
is just'

W„„,=!(C J exp(ip, r, /h )!C „,')!'.

Core hole lifetimes and the accessible x-ray res-
olution both limit significant spectral features
to the energy range (~ 0.05 eP) of multiphonon
processes. Moreover, local electronic states
couple to few atoms and hence many phonons. Un-
der these circumstances' the probability f(E) that
energy E is absorbed by phonons reduces to a
displaced Gaussian:

f(E) =(Q„W„„5(E-E„-E„))„(2wF') "'exp[ —(E F,)'/2F, '],-
with the F =(E f(E)) moments of f and F '=F F'-

For the ground-state lattice wave functions we take products of oscillator states, q,(o,s,), in excita-
tions levels v„with a,' = &u, /h. Here, the 3(X+ 1) normal-mode vectors s, diagonalize the potential en-
ergy V(s) in the space of N+ 1 mass-weighted coordinates s~ = r„M„"', and the ~, are the associated
mode frequencies. The lattice states of the excited configuration for linear coupling are' products of
disp/aced oscillator functions &p„[o,(s, —c,)]. When M, "'p, is now resolved into mass-weighted com-
ponent momenta o„so that p, ~ r, =Q,o~„ the matrix elements in Eq. (1) factor into products of single-
mode matrix elements

m„,.= (qr „(o.,s,)!exp(icr, s,/h)! y;[n, (s, —e,)]) '.

A center weakly coupled to many lattice modes has e„a, small; then m = 5„, , apart from small
terms with v = v+ 1 of second order in e, or o, (the two types of terms cannot interfere in lattices pos-
sessing inversion symmetry). Using the approximation exp(ios/R)=1+ios/a and addition formulas for
normalized oscillator states, ' one can now write down the required moments directly from well-known
results' for 0 = 0 and the explicit independence of terms in v and e. Thus,
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with

g '=/g p+co ')e p (5)

the solid per center. Then, within„='8, p. & 0,

e, = (iq ~ e, a /3q ') [M /(N + 1)]"'. (9)

E,= (h&u, /2) coth(h~, /2kT).

Our aim is to apply these general (linear-cou-
pling) results to metals and alloys.

To obtain 0 and c, and hence F2', we first note
an exact result for 0 at high temperatures, when

E,-kT and Q,o,'kT -p, 'kT/M, exactly. Approxi-
mations are necessary in other cases. Plane-
wave phonons give

o, = e, p, /IM. (iq+1)]"2,

with e, the polarization vector. This result is
fully appropriate only for host excitations but
will also serve well for impurities that do not
greatly perturb the host dynamical matrix.

The normal-mode displacements e, are driven
by chemical forces and can be approximated by a
simple method. The main idea" is that an atom
excited by promotion of one deep core level to
the lowest available valence orbital resembles in

size, valence, ionization potential, orbital struc-
ture, etc. , the unexcited atom on its right in the
periodic table. For example, 2P'3s' Na* resem-
bles 2p'3s' Mg, and 3p'M' 4s Ni* resembles
3P'3d"4s Cu. In each case the extra core orbital
and nuclear charge of the heavier atom sum to a.

pseudopotential confined to a core region from
which the chemically active valence states are
largely excluded. This is an approximation whose
validity obviously improves with increasing depth
of the core hole. We neglect the weak perturba-
tion imposed on the valence chemistry by the mod-
ified pseudopotential and assert that the ~, take
values appropriate to the dilute alloy in which the
excited center is replaced by the ground state of
its right-hand neighbor in the periodic table.
The advantage of this scheme is that the required
results are often available in the literature from
lattice-parameter measurements on alloys.

Suppose that the center causes displacements
u„of the host atoms p, in this substitute alloy sys-
tem. Then by definition c,=Q„u„s,„/M„"', with

s,„ the displacement of p. associated with the unit
vector along s, . A simple procedure giving direct
contact with experiment is to use the strain field,

Qbr„1+ap 5V
127tr„" 1 —ap Q

of elasticity theory, with 0 the molecular volume,
op Poisson's ratio, and 5V the volume change of

Finally, to evaluate the summations in Eqs. (4)
we represent the dispersion curve for longitudi-
nal phonons by &u, = (2qDc/m) sin(mq/2qz), to find

the desired results:
2 ~c2+ 2

2M 37t
(10)

at high temperature, where E, is temperature-
independent; and at low temperature

Po F.o 16iÃc'ffqDA'

TABLE I. Widths (in meV) of phonon broadening of
x-ray edges (W) and XPS lines using Al «(WA~) and
Cu A (W~„) radiation, according to Eq. (10) with I'
=300 K. Small corrections for T - ~D have been made
for Li only.

W WA) H C„ W WA) 8'(-„

Ag 125 134 169
Al 93 133 247
Au 149 153 171
Co 9 65 155
Cr 7 69 165
C s 141 147 176
Cu 137 150 202
Fe 6 66 159
HK 104 110 134
Ir 118 123 146
K 130 152 230
Li 210 288 517
Mg 169 197 294
AIo 96 108 155
Na 106 148 269

Nb 162 170 203
Ni 57 86 165
Pb 32 47 88
Pd 137 145 179
Pt 138 142 162
Rb 119 130 175
Re 94 101 128
RU 4 49 118
Sn 46 65 118
Ta 167 171 189
Ti 205 217 267
Tl 58 68 101
V 27 74 168
W 109 115 139
Zn 161 174 227
Z r 237 243 268

'Obtained using Vegard's law to find ~&/Q.

In these equations q& is the Debye radius, c is
the longitudinal sound velocity, and E, is the
zero-point energy. Values of F,' at intermediate
temperatures may be obtained directly from
Eq. (4) (F,' tracks closely with the vibrational
energy).

Table I presents predicted phonon widths at
room temperature for x-ray absorption and emis-
sion in 31 pure metals. For these processes
P, =O. Values are given for W=2(2F, 'in2)"'
= 2.355(F,')' ', the Gaussian width at half its max-
imum height. Tabulated values of (1 —o)/(1+v)"
and c"were used with 5V/0 obtained from Pear-
son's book, "or from Vegard's law (i.e. , additivi-
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ty of constituent molar volumes, as discussed,
for example, in Ref. 13) when data. were other-
wise lacking. The calculated widths range from
4 meV (Ru) to 237 meV (Zr); very little broaden-
ing occurs for several transition metals where
the size misfit between neighboring elements is
small (this is the case for many rare-earths al-
so). In the present approximation, the same pho-
non broadening occurs for all deep levels that
have the same final valence configuration.

Widths for x-ray photoemission spectroscopy
(XPS) processes induced by A1Ka and Cu Kn ra-
diations, at about 1.5 and 9 keV, respectively,
are given in Table I as values of 8'A& and 8'«.
The ionic recoil from the emitted photoelectron
determines p, in Eq. (10). For light elements the
added effect is very significant even for Al Ko.
radiation. In the case of Li, for example, 0 and

e contribute almost equal terms (-0.2 eV each)
to the final XPS width of 0.29 eV predicted here.
Values of WA& and Wc„given in Table I are accu-
rate only for shallow levels because the core ex-
citation reduces the available recoil energy. For
the 55-eV 1s level of Li, the correction to W»
=0.288 eV is about 0.002 eV.

Experimental data for Li exhibit a broadening
comparable with that predicted here. The room
temperature XPS result 8'» =0.35+ 0.02 eV com-
pares well with the value 0.29 eV in Table I. Anal-
yses of electron scattering results" give W=0. 38
+0.02 eV" and 5'= 0.35 eV' at room temperature,
and an analysis4 of photoyield data' gives W= 0.33
eV. These are to be compared with a predicted
W = 0.21 e V (Table I) and a value W = 0.29 + 0.02,
eV obtained by deconvoluting the predicted recoil
broadening from the experimental XPS result
quoted above. Data now becoming available" sug-
gest that th predictions for Na are also satisfac-
tory. Both theory and experiment' '" show that
the broadening varies in approximate proportion

to the vibrational energy of the metal.
For inpurity spectra we simply substitute the

difference 6, —b,, of excited- and ground-state
size misfit factors for b, in Eqs. (10). The exact
result for v at high temperature also still holds.
A plane-wave approximation to 0, useful for low-
er temperatures, may be fairly satisfactory when-
ever the defect modes spread throughout the band.
Other simple approximations are available for
impurities with resonance or local modes sharply
centered on particular frequencies.

Illustrative room-temperature predictions for
alloys, presented in Table II, include an impor-
tant interstitial solute (C in Fe) and a classic
series of positive-valence solutes (Cd, In, Sn in

Ag). The widths are uniformly of modest size.
The last three rows of Table II report widths at
He temperatures for rare gas impurities in al-
kali metals. " The widths -0.03 eV are much too
small to play a significant part in the unexplained
rounding of threshold profiles on a scale -1 eV
observed in these interesting systems.

Figure 1 displays for 35 pure metals and alloys
at T = 300 K the predicted distributions of widths

W, 8'A&, and W&„, it provides the first compre-
hensive view of phonon effects for deep levels in
metals. For clarity, the figure shows the inte-
grals

(12)

with the W, individual widths. Differences ap-
parent between the three distributions are prob-
ably real since the excess XPS broadening is pre-
dicted exactly at high temperature. The net un-
certainty of a, factor of -2 in individual W, still

TABLE II. Widths of some impurity x-ray edges. 20-

Host Core
r

(K)

w

(me V)

Fe
Ag
Ag
Ag
Ag
K
Rb
Cs

C

Ag
Cd
In
Sn
Xe
Xe
Xe

300
300
300
300
300

0
0
0

43
125
44
31

101
24
31
37

l
0- CU

3 lO 30 l00 300 W(meV)

FIG. 1. Distribution of phonon widths for 35 pure met-
als and alloys at room temperature, i.e., n(W) as de-
fined in Eq. (12) versus 8'.
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leaves the distributions adequately defined. A
more precise analysis may eliminate some cases
with 8' very small. It has been shown using lat-
tice statics" that the elasticity result (10), which
limits the present accuracy, yields strain ener-
gies correct within a factor 2 and hence values of
the widths (F,')'" probably accurate to a factor of
—W2.

We conclude from these results that the phonon
broadening of x-ray processes in metals is gen-
erally weak. The predicted Li width, emphasized
in this Comment, is in the largest 10/p, and a
better pure metal for study of phonon broadening
is not likely to emerge. Impurities offer better
possibilities. Halogens in alkali metals have F,
= 1.5 eV and W=0. 3 eV at He temperature" (-0.8

eV at 300 K). A number of systems promising
still larger widths are now being investigated in
our laboratories.

Thanks are due to Professor J. D. Dow for
stimulating discussions.
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