
PH 7 SICAI. RE VIE% B VOI UME 19, NUMBER 6 15 MARCH j. 97'

Auger widths of core levels in lithium and sodium
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The Auger widths of the 1s core level in lithium and 2p core level in sodium are calculated in the
renormalized many-body perturbation theory. Calculations have been carried out by using several static and
dynamic screenings in the effective Coulomb interaction. Results are found to be very sensitively dependent
on the choice of the screening functions.

Recent theoretical and experimental studies of
the core-level spectroscopies' of metals have
emphasized the importance of the finite width of
the core levels. In order to explain the experi-
mental data of the soft-x-ray emission and ab-
sorption spectra, x-ray photoemission spectra,
and the other core-level spectra, theories have
predicted a wide range of values for the width
of the core states. For example, in I i the quoted
values for the width of the core state range from
0.01 through 0.5 eV.

To examine the validity of the various claims
one must calculate the widths of the core states
by taking into account the different mechanisms
that might contribute to such widths. The core
broadening can be attributed to several processes.
The principal ones are the nonradiative Auger
process and the phonon effect.

In this paper we concentrate our attention to
the calculation of the Auger widths of the core
levels. There have been several previous calcula-
tions of the Auger widths in the lowest order of
effective Coulomb interaction. ' ' The level widths
for the 1s core state in I i and 2P core state in Na
predicted by these lowest-order theories are too
low to explain the experimental results of the
deep-level spectroscopies of these metals. Re-
cently Glick and Hagen' (GH} went beyond the low-
est-order theory for the Auger width and showed
that certain higher-order terms were, in fact,
divergent. They proposed a renormalized theory
for the core-state self-energy. By using a stati-
cally screened Coulomb interaction in their nu-
merical evaluation, they showed that the widths
of the core states were of the order of 20 meV
in both I i and Na.

In this paper we reexamine the renormal. ized
core-state propagator in the presence of several
dynamically and statically screened Coulomb in-
teractions and report that the results for the
widths of the core states of Li and Na are very
sensitively dependent on the choice of the screen-
ing functions.

The lowest-order contribution to the core-state
self-energy can be expressed in terms of the
Feynman diagrams of Fig. 1. In these diagrams
downward-directed double lines represent the
core-hole propagators. The single lines pointing
upward and downward are the propagators for
electrons above the Fermi level. and those for
holes in the conduction band, respectively. Cou-
lomb interactions are represented by the dashed
lines. Figure 1(a) corresponds to the production
of a particle-hole pair due to polarization of the
conduction band by the core hole. Figures 1(b)
and 1(c) are the nonradiative Auger process con-
tributing to the core-state self-energy and the
corresponding exchange diagram, respectively.
These diagrams have been calculated by several
authors, ' ' the most recent calculation being the
one by GH. They showed that Fig. 1(a} introduced
a fairly large shift (-1 eV) in the core binding
energy but did not give rise to a lifetime. In cal-
culating the width of the state from diagrams 1(b)
and 1(c), GH found that the results were sensitive-
ly dependent on the choice of the wave functions
for the conduction electrons. They considered
three cases for these wave functions: (a) plane
waves, (b) plane waves orthogonalized to the core
states and (c) plane waves orthogonalized to a
relaxed set of core states, i.e., the core states
constructed with one core electron missing. Ob-

FIG. 1. Lowest-order diagrams for the self-energy
of the core state.
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viousl. y, the last one was the most realistic choice
and for' this case they obtained the halfwidths of
the core states as 0.67 x 10 4 eV for Na and
0.90X10 ' eV for Li,.

In order to obtain finite results GH used a
screened Coulomb potential for the interactidn
lines. The above results were obtained by using
the statically screened Fermi-Thomas interac-
tion. It is, however, well known that Fermi-
Thomas screening is too strong at metallic den-
sities and Bohm-Pines screening or a dynamic
screening is perhaps a more realistic choice at
these densities. In this paper we evaluate the '

self-energies by introducing dynamic screening.
In such a case the width of the core state is
obtained from the diagram shown in Fig. 2. This
diagram represents the nonradiative Auger pro-
cess which contributes to the self-energy of the
core state. The line of bubbles represents the
dynamically screened Coulomb interaction cor-
responding to excitations of one or more particle-
hole pairs in'the medium. In particular, we con-
sider the random-phase approximation (RPA)
screening of the Coulomb interaction. The imagi-
nary part of the core-state self-energy for Fig. 2
can be written

1ImZ (&u) =, dk„dke(E -E„)e(E —&u)
(2v '

x lmV(k„, ~ —E&)

x P )f,(k+k„)j', (1)
e

where f, (k+k„) is the vertex function correspond-
ing to the transition from a conduction state of
momentum k to the core state via a Coulomb
interaction of momentum k„. The summation over
subscript e is introduced to take into account the
degeneracy of the core state. This function takes
different forms for different choices for the con-
duction-electron wave functions. This has been
discussed in detail by QH. Im V(k, &u) in Eq. (1)
represents the imaginary part of the dynamically
screened Coulomb interaction and can be written

FIG. 2. Auger self-
energy of the core state in
the presence of dynamic
screening.

ImV(k, (o) =-v(k) „- (2)
e, ik, &o + e, tK, ~i

where v(k) is the bare Coulomb interaction. In
the RPA, e, (k, ~) and e, (k, y) are the real and
imaginary parts of the dielectric function, re-
spectively.

The angular integrations in Eq. (1) can be car-
ried out analytically and the result can be ex-
pressed in terms of dimensionless quantities as

1m', ~ 1
= 12wy~2 dv a da Im ( g'4' ~(v, — ]

(3)xE(a, v),
where y~ = a~/4', v =k„/2k+, a=k/2k+, and
W' = v/4E~. E(a, v) is the term corresponding
to the vertex function g, ~ f, (k+k„)(' expressed in
a dimensionless form.

In principle, there will be two contributions to
Im Zs(&u) from Eq. (3): one due to single-particle
excitations and the other due to excitation of a
plasmon in the medium. For the plasmon excita-
tion, Im V(k, e) becomes a representation of the
5-function and plasmon part of the self-energy
can be express, ed as

It should be pointed out that on the energy shell,
i.e., for ~=&us, the plasmon [Eq. (4)j would not
contribute to Im Zs(~s). The single-particle con-
tribution to Im Zs(ue) is obtained from Eq. (3).
Final two-dimensional integrals in Eq. (3) and the
single integral over v in Eq. (4) for the plasmon
contribution have been carried out numerically.
Calculations have been done with the vertex func-
tion E(a, v) evaluated for three different wave
functions for the conduction electrons: (i) plane
waves, (ii) plane waves orthogonalized to the core
states; (iii) plane waves orthogonalized to the
relaxed core-hole states. The results for the
halfwidth of the core states, i.e., ImZs(&us) for
Na and Li are shown in Table I. These results
are on the same order of magnitude as the results
of GH for the corresponding cases. The difference
must be attributed to the difference in the choice
of the screenings of the effective potentials used
in these calculations. In any case, both calcula-

E((IV'-»)" v)

x e(0.25- W'+u v), '(4)

where u„= &u~/4Ez with plasmon frequency &u~ de-
fined in Ref. 2.
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TABLE I. Auger widths of the 2p core Level of sodium
and ls core level of lithium for various choices of con-
duction-electron wave functions.

Wave function
orthogonalized Relaxed

I'0 (eQ = ImZB(ug)
Na Li

no

yes
yes

no
no

2.28 x10 3

1.0 x10
1.25 x10

3.94x10 3

2.12 x10
1.25 x 10 3

tions yield results which are too small to explain
the experimental x-ray spectra of Na and Li.

Glick and Hagen then examined the higher-order
processes which could contribute to the Auger
width of the core states. They found that the dia-
gram shown in Fig. 3 introduced a divergent con-
tribution to the core-hole width. Realizing that
this diagram could be viewed as a correction to
Fig. 1(a), they proceeded to renormalize the
internal core-hole line of Fig. 1(a), i.e., they
calculated the core-hole self-energy from Fig.
4(a). The cross-hatched double line in this figure
represented the renormalized core-hole propa-
gator satisfying the Dyson equation of Fig. 4(b).
The self-energy part in this figure was obtained
from the diagrams of Fig. 1. Glick and Hagen
again used a statically screened Coulomb inter-
action correspondirig to Fermi-Thomas screening
for the interaction lines and obtained a self-
consistent solution of Fig. 4(a). For both Na and
Li they found that the half widths of the core holes
were on the order of 20 meV. For Li this result
was one order of magnitude larger than the pre-
viously calculated values and for Na it was sev-
eral orders larger than the best previous Auger
value.

It is somewhat surprising that a renormaliza-
tion procedure of the internal core-hole propaga-
tor of the self-energy diagram should bring about
such a huge change in the width of the core stages.
Thus, in order to establish the validity of the

(g

j/

]/

/

FIG. 4. (a) Diagram for the self-energy of the core
state with a renormalized core-hole propagator. {b)
Schematic representation of the Dyson's equation sat-
isfied by the renormalized core-state propagator.

results of GH, we decided to evaluate ihe core-
state widths in'the renormalized theory by intro-
ducing several modifications in the effective
Coulomb interactions. First, we note that Fermi-
Thomas screening is known to be too strong at
metallic densities and is supposed to be reasonable
only for describing long-range phenomena, i.e.,
phenomena involving small momentum transfers.
However, since the core state is localized in

space, all wave numbers up to the inverse of the
core radius should contribute to the calculation
of core-state self-energy. Thus, as a first step
towards incorporating, at least partially, the
short-range and local field effects we now study
the self-energy of the core state in the presence
of the effective Coulomb interaction screened by
the RPA screening function. The RPA introduces
the most simple form dynamic screening and the

appropriate diagram for the calculation of the
self-energy in this approximation is shown in

Fig. 5. The line of bubbles, in this diagram, rep-
resents the RPA Coulomb interaction and the
cross-hatched double line again represents the
renormalized core-hole propagator.

The contribution of Fig. 5 to the imaginary part

FIG. 3. Higher-order
diagram which introduces
a divergent contribution
to self-energy of the core
state.

FIG. 5. Diagram for the
renormalized theory of
the core-state self-energy
in the presence of dyna-
mic screening.
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of the self-energy can be written
QO

1mZ (d
1mZs(~) =, d~' dk„g Ig;, (k„)I' Im V(k„&u- co')

i,e

The matrix element g;, (k„) represents the
vertex function where two core-hole lines meet
a Coul. omb line. Summation over indices i and e
is introduced to incorporate degeneracy of the core
state. The function g;, (k„) has been studied be-
'fore."The halfwidth of the core state is obtained
by evaluating Eq. (6) on the energy shell, i.e., by
replacing &u by ~s in Eq. (6). In such a case this
expression takes the approximate form

0
trna (e, im2~)= J dv f dk, tmV(k„, e)

m OO

Im ZB(&us)
(u'+ Im Zs2((us)

(7)

The angular integrations in Eq. (7) can be
carried out analytically. Im Zs(~s, Im Zs) has
two contributions corresponding to the single-
particle excitation and the plasmon excitation in
the medium. These two contributions can be
expressed in terms of dimensionless quantities as

Im Zs(ms, I's)4E~,p

To obtain the core-hole width I' one must solve
Eq. (10) self-consistently. This would require
that we evaluate Im Z~ as a function of I'~ from
Eqs. (8), (9), and (10) and then apply the self-
consistency requirement that I' is obta, ined from
the equa. tion

I" = I'o+ Im Zs (&us, I'),

where

I",= Im Zs(~s) .
The results of our numerical calculations for

ImZ~ for Li and Na are plotted in Figs. 6 and 7.
We then solve Eq. (11) graphically to obtain

I RpA
——0.54 eV for Li,

I"„pA ——0.86 eV for Na.

Thus the renormalized theory in the presence of
the RPA screened Coulomb interac. tion gives level.
widths which are approximately 25 and 40 times
larger than those obtained by GH for Li and Na,
respectively.

In several recent papers"' it is pointed out
that the x-ray emission and absorption data of
Li cap be explained satisfactorily by assuming

e', (v, $)+ e,'(v, &) &'+I"s2

(8)
0.03

Im Zg((ds, I g)

Here

Qy2
&p

cue v I'
(&e, /Bu) „„„(vu~)'+I"s

0.02

g = u/4', v =k„/2k+, v;„=-0.5+ (0.25 —()'

v,„=0.5+(0.25 —$)'' and v, =k, /2k+

where k, is cutoff wave number for plasmon pro-
ductj. on. G' represents Q;, I g;, (k„)I' expressed
in dimensionless units. Also I's in Eqs. (8) and

(9) is the core-hole width ImZs(vs) expressed in
units of 4E&.

Obviously the total contribution to the self-
energy is obtained from

O. OI

O.OI

I'14E„

0.02 0.03

FIG. 6. Imaginary part of the se1f-energy (solid
curve) Z~& of the ls core state'in Li due to Fig. .5 plotted
against I'z. Intersection of the curve and the straight
line gives the 1s core-level width in I i. The single-
particle and the plasmon contribution to Im Z& are
shown by the dotted and dashed curves, respectively.
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0.06
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0.02

0.02 0.04
I'/4EF

0.06

FIG. 7. Imaginary part of the self-energy (solid
curve) Zz of the 2P corve level in Na due to Fig. 5
plotted against I'z. Intersection of the curve and
the straight l. ine gives the 2p core-level width in Na.
The single-particle and the plasmon contributions to
ImZ~ are shown by the dotted and dashed curves, res-
pectively.

a lifetime width of the 1s core state as 0.03+ 0.02
eV. This obviously gives credence to the results
of GH. On the other hand several previous cal-
culations" have indicated that the Li x-ray data
can be explained by a 1s core level. width of
0.3-0.5 eV. If this were true, our result would
not be so unrealistic.

Glick and Hagen have calculated the level width
from the single bubble diagram for the self-ener-
gy. To obtain finite results they have used a
statically screened Coulomb potential for the
interaction lines. In this paper we have replaced .

these Coulomb interaction lines and the single
bubble diagram by a dynamically screened Cou-
lomb interaction line. Thus, these two calcula-
tions basically include the same processes con-
tributing to the Auger width, although the RPA
is somewhat more realistic since it introduces
dynamic effects. %e excepted that the results in
these two calculations would be of the same order
of magnitude. The big difference in these two
results is surprising. At this point we must point
out that, like the Fermi-Thomas potential, the
RPA theory is also poor for short-range and
local-field effects. Although it retains terms to
all orders of perturbation theory, it keeps only
those terms which are important for small mo-
mentum transfer. However, as pointed out be-
fore fog calculations involving the core states,
large momentum transfer terms must also be
retained. For such large momentum transfers,

exchange terms and other higher-order graphs
can become as important as the RPA graph. In
an effort to check whether the exchange terms
would, in fact, alter the core«state self-energy
significantly, we have recalculated the core-level
widths by using the Hubbard' exchange correc-
tion in the screening function, i.e., we have used
the modified dielectric function

e(k, ~) =1+q.(k, ~)/[1 —G(k)q, (k, ~)]

in our theory. Here G(k) is the Hubbard exchange
correction factor and is given by

c(k) = k'/(k'+k2~)

and

Q,(k, &u) = -v(k))t'(k, e),
where v(k) is the Coulomb interaction and )t'(k, e)
is the usual free-electron polarizability. The
final results are again obtained self-consistently
by solving Eq. (11)by graphical methods and are
found to be

I' =1.41 eV for Li,
I'& =1.47 eV for Na.

These results are larger than those of the RPA
theory. Thus the results for the core-state widths
obtained by evaluating Fig. 5 become progressively
worse as we use more and more realistic screen-
ings of the Coulomb interaction.

As a last attempt to obtain realistic values of the
core-level widths we have used another statically
screened Coulomb interaction. From an elaborate
treatment of the many-body perturbation theory,
Bohm and Pines" showed that the effective elec-
tron interaction in a metal could be roughly rep-
resented by a Yukawa-type potential where the
screening constant is given by

ka = 4wne'/I u&~ .
Using such a screened Coulomb interaction in

the GH theory we have reevaluated the level widths
and have found the following results

gp
= 0.912 eV for I i,

rgp —1.029 eV for Na.

These values are also unacceptably large and
are clearly inconsistent with the observed soft
x-ray spectra of lithium and sodium.

In conclusion, we observe that the Auger widths
calculated by using the renormalized propagator
of Fig. 5 are extremely sensitive to the choice
of the effective electron interactions. Of the
various values evaluated, those obtained by using
the Fermi-Thomas screening factor appear to be
consistent with the observed soft x-ray spectra of
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lithium and sodium. However, for reasons dis-
cussed above, Fermi-Thomas screening is per-
haps the poorest of all the screening functions dis-
cussed in this paper. Thus the result obtained by
using this screening function cannot be accepted
as the true value of the Auger level widths. The
other screening functions are known to be more
realistic even though each one of them gives un-
acceptable values for the level widths as obtained
from Fig. 5. This situation leads us to believe
that there are other higher-order diagrams which
are as important as those considered by GH and
the present author. Some of the higher-order
terms must introduce significant cancellation in
the core-state level widths. The importance of

cancellation terms on the soft x-ray spectra of
metals has been emphasized by various au-
thors. "" Vfe conclude with the conjecture that
the true value of the Auger widths of the core
states can only be obtained by considering the
graph of Fig. 5 along with the appropriate higher-
order terms.
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