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coplanar with the cyano groups to which they are
bonded.

The structure model described above holds al-
so for K,[Pt(CN),|Br, ,- 3H,0 and for the original
intensity data published by Krogmann and Hausen®
as R values for the superstructure reflections of
0.11 show.

We hope to obtain more precise results especi-
ally concerning the Pt arrangement from low-
temperature investigations which are now in pro-
gress.

We are indebted to K. Krogmann for informa-
tive discussions. Furthermore we thank H. Hey-
szenau for stimulating this work, and H. J. Queis-
ser and A. Rabenau for critical reading.
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Phonon Broadening of X-Ray Photoemission Linewidths
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The significant contribution of phonon broadening to x-ray photoemission linewidths in
polar materials has been experimentally verified. A simple theoretical expression is
shown to account for the observed magnitude, temperature dependence, and variation
with chemical environment of the photoemission widths.

Among the first workers to appreciate and ex-
plain the important contribution of vibrational
structure to measured linewidths were those in
the field of optical absorption.! Phonon produc-
tion was later postulated to exist in situations
where the rapidly formed core hole state resulted
in x-ray,? photoelectron,® or Auger-electron? pro-
duction. In x-ray photoemission linewidth stud-
ies [ x-ray photoemission spectroscopy (XPS) or
electron spectroscopy for chemical anailysis
(ESCA)] of gases and solids in which strong chem-
ical effects were observed,®*® the interpretation
of the results had been complicated by an inexact
knowledge of core—hole-state lifetimes and, in
insulators, by the magnitude of possible charging
effects. In very recent XPS linewidth’ and low-Kki-
netic-energy Auger-electron-spectroscopy (AES)
studies, the lifetime contribution, charging ef-
fects, and other potential sources were evaluat-
ed and found to be much too small to explain the
observed linewidths. In this Letter we show that
the excess linewidth broadening arises from the

production of large numbers of phonons simul-
taneous with core-hole formation. This work
represents the first experimental verification of
the presence of phonon broadening in XPS of sol-
ids and, in addition, provides a semiquantitative
theory which accurately predicts the magnitude
of the phonon contribution and its temperature
dependence. The appreciably large phonon con-
tribution is seen to be important for all XPS (and
AES) studies of polar materials and thus repre-
sents the limiting factor in experimental line-
width resolution and accurate hole-state lifetime
determinations. Vibrational broadening is also
important to XPS (and AES) studies of gases and
an XPS study of such effects in several gases has
been recently reported.®

Phonon production in an XPS core-electron
measurement in an insulating material arises
from the different relaxation times for nuclei
and electrons (the Franck-Condon principle) and
the inability of the passive electrons surrounding
the photohole to screen it from the rest of the lat-
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tice. There is thus always a finite probability of
exciting an electron into the continuum and leav-
ing the remaining lattice in a vibrationally excited
state. The probability of being in a particular
state depends on the overlap of initial- and final-
state wave functions, appropriately described in
terms of the initial nuclear fluctuations (zero-
point motion and thermal population) and final nu-
clear displacements upon relaxation. The mea-
sured width therefore contains an envelope of var-
ious excited final states, the number and intensity
of which depend on the overlap factors and the
degree of relaxation.

We may calculate the magnitude of XPS phonon
linewidths in solids using the basic postulates of
Huang and Rhys.!® By use of the Born-Oppen-
heimer approximation applied to an Einstein lat-
tice which responds harmonically to a hole with
a longitudinal optical frequency w;y, and with
the assumption that the nuclear relaxation ener-
gy AE >>Tniwy, (i.e., sufficient energy is available
to excite a large number of phonons so that the
Franck-Condon envelope or line-shape function
is Gaussian'), the linewidth (full width at half-
maximum) at temperature T can be expressed as

T =2.35[ 7w o AE]Y?[ coth(fwyy/2RT)]2. (1)

The assumptions of this approach have been
shown to be excellent first approximations to the
actual situation.! The nuclear relaxation energy
AE is calculated from the standard electron-LO-
phonon interaction Hamiltonian representing the
final-state core hole as completely localized.™
The result is ‘

AE =e*(6/1V )31 /e, —1/€,), (2)

where €, and €, are the low- and high-frequency
dielectric constants, and V,, is the volume of a
primitive unit cell. The result of substituting

(2) in (1) is similar to a formula derived by Over-
hauser'? from a different point of view (but one
that is essentially equivalent within the harmonic
approximation), namely, calculating the fluctua-
tion amplitude of the potential felt by the core
electron in its initial state. The only significant
difference in the formulas is that ours is based
on the empirical €, while his contains a theoreti-
cal estimate.

From Egs. (1) and (2), knowledge of a com-
pound’s crystal structure and its phonon and
dielectric properties allows one readily to cal-
culate temperature-dependent linewidths which
may be compared with experiment. A thermally
stable class of simple polar compounds whose
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properties have been well characterized is the
alkali halides, so these were chosen for the pres-
ent study. Very thin films of ultrapure alkali-
halide samples were evaporated at room tempera-
ture onto polished Cu substrates in the sample
chamber of a Hewlett-Packard 5950A ESCA
spectrometer. Film thicknesses were estimated
to be typically <50 A based on empirical halide/
substrate photoline intensity ratios. Using very
thin films in these, as in previous,® measure-
ments ensures minimal charge accumulation.®
Aside from improved resolution due to the es-
sential absence of such charging, spectral de-
tail of measured valence bands and energy-loss
peaks were in excellent agreement with those ob-
served in single-crystal XPS data.'* Oxygen and
carbon contamination on the films was virtually
nonexistent during the typical 12-h runs taken at
nominal working pressures in the analyzer re-
gion of ~2X107° Torr. The linewidths of the
most narrow (and/or intense) core lines for both
cation and anion in a given compound were stud-
ied as a function of temperature up to the limit-
ing Hewlett-Packard probe temperature of 550°K,
The increased ionic mobility at higher tempera-
tures aided in further reducing any residual sam-
ple charging.

Typical photoemission spectra of K 2p electrons
in KI at three different temperatures are shown
in Fig. 1. The data were fitted with a nonlinear
least-squares fitting procedure using a linear
background and line shape linearly adjustable
between Gaussian and Lorentzian. In the absence
of fitting constraints, spin-orbit intensity ratios
from the fits agreed with statistical ratios to
within 3%; standard deviations of the fitted line-
widths were typically 0.01 eV. The line shapes
of the fitted data were determined to be about
85% Gaussian.'®

As examples of determining fractional phonon
contributions to XPS linewidths we consider the
K 2p 4/, electron lines measured in KF, KCl, and
KI. These widths, determined from the above
mentioned fits, are shown as filled circles and
are plotted as a function of temperature in Fig, 2.
Assuming XPS core line shapes to be Voigt func-
tions (i.e., convoluted Lorentzian and Gaussian),
a calculated atomic K 2p,,, lifetime of 0.23 eV 16
is used to determine the linewidth of the remain-
ing total Gaussian component.!” Having obtained
this Gaussian component, the essentially Gauss-
ian instrumental contribution of 0.55 eV can then
be easily removed. The resulting linewidths are
shown as open circles in Fig. 2,
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FIG. 1. X-ray photoemission spectra of K 2p; s, and
K 2py, electrons in KI at 300, 400, and 500°K. Each
channel is 0.039 eV.

The magnitude of these linewidths compares
favorably with those calculated by using Eqs. (1)
and (2) and the appropriate empirical constants;

the results of such calculations are shown in Fig.

2 as solid lines. As already mentioned, the cri-
terion for assuming Gaussian phonon broadening
is that AE >» Ziw;5. In KI, for example, the cou-
pling constant S=AE /iw;, is calculated to be as
high as (0.94 eV)/(0.017 eV)=55, well meeting
this criterion for strong electron-phonon cou-
pling. Thus, the only other Gaussian contribu-
tion so far unaccounted for is that arising from
inhomogeneous sample charging. The effects
and trends of such charging in these experiments
are summarized and understood as follows:

(1) For KF and KC1, the measured linewidths

in the negative-sloped regions of the I' -versus-T
curves relative to those in the positive-sloped
regions (see Fig. 2) correlate with observed
higher apparent binding energies for both cat-
ions and anions; (2) the band gaps in these ma-
terials, which in large measure determine the
magnitude of sample charging,’® decrease in the
order KF> KC1>KI; (3) the ionic mobilities,
which decrease the effects of charging, increase
with T in the order KF <KC1<KI; and (4) the KF
film was the thickest of the potassium halides
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FIG. 2. K 2p;p linewidth (full width at half-maxi-
mum) versus temperature in KF, KC1, and KI. Filled
circles are measured widths, open circles are the
widths after removing lifetime and instrumental con~
tributions, solid line is theoretical. Dashed extrapo-
lated curve is hypothetical width in the absence of
sample charging.

studied. We therefore interpret the agreement
of the positive-sloped portion of the I'-versus-T
curves, where charging is minimal, as direct
evidence for the effects of phonon broadening.
This interpretation is supported not only by the
agreement between trends of experimental and
theoretical curves but also by the agreement of
absolute magnitudes of the linewidth values and
their temperature dependences: The calculated
linewidths for KF, KCIl, and KI are, respectively,
about 95%, 90%, and 80% of the measured values
at elevated temperatures, while the calculated
total changes in linewidth from 300°K to 550°K
all agree to within 0.03 eV of the measured
changes if the experimental widths for KF and
KCl1 are extrapolated to the limit of zero sample
charging (shown as dashed curves in Fig. 2).
From consideration of Eqs. (1) and (2), these
observations and comments readily follow:
(1) Only for polar materials will phonon broaden-
ing be a dominant factor in XPS linewidth mea-~
surements because a sizable induced “nuclear
dipole” must be formed, i.e., 1/€, -1/€¢, in Eq.
(2) must be large. (2) The temperature depen-
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dences of the various potassium halides, for ex-
ample, are very similar despite their significant
lattice and dielectric properties because the
products of the two terms in Eq. (1) are of com-
parable magnitude. (3) The I'’s of anions have
temperature dependences identical to those of
cations in the same material and have magnitudes
which are slightly smaller by ~0.1-0.2 eV. The
reason for this is that, while to a first approxi-
mation the induced nuclear dipole is the same for
the different ions, their nearest neighbors move
(relax) far enough to feel nonlinear effects, and
move in opposite directions in the two cases.
(4) The chemical variation of XPS linewidths gen-
erally goes as a”2(wioi)"'’2, where a is the inter-
atomic distance and p is a reduced mass. This
result can be seen from a simple model for the
induced nuclear dipole energy: AE «<a,e?/a*;
a,=e/k,=e?/uwio?, where e, and k, are the nu~
clear polarizability and force constant, respec-
tively. The trends predicted from this model
have been observed in Na, Mg, and Al compounds®
and in mixed-valence materials such as NH,NO,
and Na,S,0;.°

There are several important consequences and
conclusions of this present work: (1) All XPS
linewidths measured from polar materials will
contain an appreciable contribution of phonon
broadening. As a result, for these materials the
XPS technique is inherently limited in ultimate
resolution and ability to obtain accurate hole~
state lifetime values. (2) The above conclusions
apply also to gases,® but for these species the
magnitude of the broadening will also depend in
large measure on the number of atoms (i.e., the
number of possible vibrational modes) in the
molecule. Thus, the C 1s linewidth in CH,,
which has a coupling constant S of only 3,'® has
been measured to be asymmetric®!® (as is a
Poisson distribution of very few events®®) where-
as the C 1s linewidths for any of the C atoms in
CF,CO,C,H; are quite broad and symmetric.'®
By analogy to the above mentioned solid-state
considerations, we believe that the chemical de-
pendence of gas-phase XPS linewidths® can also
be explained by phonon broadening. For example,
the narrower N 1s width of the central N atom
relative to the end N atom in linear N=N=O can
be thought to result from the larger bond length,
reduced mass, and stretching frequency of the
N-O group relative to those of the N-N group.
(3) A requirement for phonon broadening of line-
widths is that the final state, j, be significantly
different from the initial state, ¢, such that vi-
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brational excitation is possible. This criterion
is met not only in XPS measurements of polar
materials (i =ground state, j=one hole), but also
in AES measurements as well (i=one hole, j =two
holes).* (We have, in fact, measured Auger-
linewidth temperature effects in several insulat-
ing materials.) It is also clear why XPS line-
width measurements of any material involving
core holes (e.g. Kozl,z) do not reflect appreciable
phonon broadering,” since the ¢ and j one-hole
states are, as far as the lattice is concerned,
virtually identical. This statement, however, is
not true for valence-to-core x-ray transitions in
which the ¢ and j states are quite different.?

The authors are grateful to S. Doniach for sev-
eral stimulating and significant discussions and
to P. M. Platzman for helpful comments and sug-
gestions.
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The magnetic field structure of vortices in the mixed state of a lead-indium alloy and
of niobium was probed by stopped p* particles. Fourier transforms of time-dependent
spin-precession data contain a peak at the average internal field, which is also the ap-
plied field. For the alloy only there is a second peak at the saddle point of the internal
field distribution. Motional averaging due to quantum diffusion of the muons at low tem-

peratures can account for these results.

Recent experiments have demonstrated the use-
fulness of using polarized muons as microscopic
probes of local magnetic fields in magnetic met-
als.! Positive muons can be considered as radio-
active protons with known magnetic moment (e#/
2m c) and lifetime (2.2 psec). The field on the
muon is easily determined from the precession
frequency of the anisotropic angular distribution
of decay positrons (1*—e*+v,+v,). By analogy
to H*, the u* is presumed to reside at intersti-
tial sites in metals.?

The muon spin-precession technique is analo-
gous to the well-known time-dependent perturbed-
angular-correlation method for common radioac-
tive species. It was used to study the local mag-
netic field distribution in samples of Pb,,In, ;o
and Nb, type-II superconductors, in the mixed
state. Our results indicate that the u* particle
remains highly mobile at low temperatures in Nb.

Previous experiments on the magnetic struc-
ture of the mixed state of type-II superconductors
made use of such techniques as NMR,® neutron
diffraction,® perturbed angular correlation,® mo-
lecular beams,® and decoration microscopy.’
From the results of such experiments, the prom-
inent features of the mixed-state local field dis-
tribution expected in the muon-precession-fre-
quency spectrum are a peak at the local field cor-

responding to the saddle-point location in the vor-
tex lattice, B,, and maximum and minimum cut-
off fields.® The periodic inhomogeneity created
is expected to lead to both line broadening and
a shift, since B <B, the average of the internal
field. Experiments reported in this Letter were
motivated by the attractiveness of applying a ver-
satile new technique to a model example and the
possibility of studying various dynamical effects,
Predictions of what the precession data should
look like have been calculated before,® but we
have preferred a semiempirical approach. The
precession angle as a function of time at a site
r in the vortex lattice can be derived from the
expression

6(f) =y ,tBY ;g F,cos(g - 7),

where y, is the gyromagnetic ratio of the muon
and E a reciprocal-vortex-lattice vector. Choos-
ing zero time to correspond to zero phase is ar-
bitrary. Values of the Fourier components F,
for our niobium specimen were interpolated from
neutron-diffraction measurements on specimens
of comparable purity.® Similarly, measurements
on an alloy of comparable Ginzburg-Landau pa-
rameter were used as a basis for calculating ap-
propriate Fourier components for the lead-indi-
um specimen,®
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