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Recent work has shown that the resonant mixing of defect internal modes with lattice
phonons can lead to striking modifications of the one-phonon coherent neutron-scattering
cross section. Here, line shapes for phonons in KC1:CN~ are calculated from a two-
level model and shown to agree reasonably well with experiment, Our results demon-
strate that neutron scattering can be used to study the coupling of complex defects with
the lattice even at very low defect concentrations.

In the first neutron-scattering experiments per-
formed to observe the resonant mixing of impur-
ity internal modes with lattice modes, Walton,
Mook, and Nicklow' reported new structure in
the one-phonon coherent cross section of KC1
doped with CN~ ions. More recenly, Nicklow et
al.? have shown that (100)-split or dumbell self-
interstitials in copper, at a concentration of ap-
proximately 40 ppm, produce measurable shifts
from the unperturbed phonon frequencies; these
shifts had already been predicted theoretically.**
There is also some preliminary indication from
neutron scattering experiments® that thermally
generated Ag" interstitials in AgBr behave as
molecularlike impurities which strongly interact
with the lattice phonons. These three sets of ob-
servations are important because they demon-
strate that complex defects with their own inter-
nal degrees of freedom can have effects on the
host-lattice phonons which are measurable by in-
elastic neutron scattering at very low concentra-
tions (much lower than those required for simple
substitutional impurities). Thus, the powerful
tool of neutron scattering becomes available for
a direct study of the lattice dynamics of these
systems. From a theoretical standpoint, KC1:CN~
is a particularly attractive material in which to
study phonon-internal-mode hybridization be-
cause a large body of experimental data from in-
frared, ultrasonic, and other measurements al-
ready exists on it. In this Letter, we show that
adaptation of a simple two-level theory of inter-
nal-mode~phonon resonant mixing to the neutron-
scattering case is capable of giving reasonably
good agreement with experiment for KC1:CN~,

Substitutional CN~ impurities in the alkali hal-
ides appear to behave as hindered rotators.® Re-
cent experiments by Luty” and Beyeler® indicate
that the rotational ground state is a tunnel-split
multiplet involving the eight equivalent (111) ori-
entations of the CN™ ions. An approximate de-

scription of the energy levels for CN” ions in
KCl1 has been given by Beyeler,*® who fitted a
modified Devonshire potential to the observed
level spacing in the ground-state multiplet and
to the average splitting of the lowest excited
states from the ground state. Ultrasonic mea-
surements by Byer and Sack' indicate particu-
larly strong coupling of the interlevel transitions
to E, and Ty lattice modes. Results taken from
Beyeler’s papers are shown in Fig. 1, which al-
so shows the allowed transitions involving E g
and T4 host-lattice phonons.

Since the work reported in Ref. 1, Nicklow® has
undertaken a more comprehensive study of the
KCIL:CN™ system, and some of his results are
shown by the open circles and solid curves in
Fig. 2. These results are for the transverse-
acoustic modes of E g character propagating along
the [170] direction. A two-peaked structure is

Eq TZg
PHONONS PHONONS
< <
© ©
(o] o
TZU _—
Ay
@© -« @©
o o O
T, ——
{u 9 8
(e} o
Eg A
©
o]
® O
A2u g '
ng _
Ty — & J J
Aig _—

FIG. 1. Approximate level spacings and allowed Egs
Ty transitions (in units of terahertz) for CN” in KCI,
from Beyeler (Refs. 8 and 9).
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FIG, 2. Neutron scattering from KC1 containing
3700-ppm CN~™-ion impurities. The results shown are
for phonons with wave vectors §= (2r/a)(¢,t,0), po-
larized in the [110] direction. The sharp increase in
intensity at low frequencies is due to the tail of the
Bragg peak.

observed for this branch, and the intensity shifts
from the lower-frequency peak to that at higher
frequency as the wave vector is varied through
resonance. The resonance frequency of approx-
imately 0.5 THz is consistent with one of theEg
transitions shown in Fig. 1.

Along major symmetry directions in reciprocal
space for cubic crystals, the coherent one-pho-
non cross section is branch diagonal,

Seon(@,j;w) cIMG(J,7;w). (1)

Here { is the scattering wave vector, j the branch
index, and %w is the energy transfer. G(q,j;w) is
the phonon Green’s function, defined in the usual
way as the Fourier transform of the retarded dis-
placement-displacement correlation functions.
For a low concentration ¢ of impurities, the
Green’s function is given by'!

G@,j;w)=lw?=w?(@,7) —ct(@,j;w)]™, @)

where w(d,j) is a host-crystal phonon frequency,
and £(§,j;w) is the scattering matrix for a single
impurity.

Klein'? has treated the resonant scattering of
lattice modes by a substitutional impurity which
has two energy levels at + 37w, in the static lat-
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tice. The ¢ matrix for a two-level impurity can
be written in the form

1@ g30) - LAy £ G, ). 3

Here ) is a coupling parameter which scales as
the square of a frequency, f, is an oscillator
strength, and F(q,j) is a dimensionless geomet-
rical factor. €,(w,T) is a complex, renormal-
ized internal-mode frequency given by

Q75 (w,T)=ReQ?(w,T) +i ImQ2(w, T)
=("’02 - Azfe("‘)/("')r)gT("‘) +i€); (4)

w, is the frequency at which resonance occurs,
determined from Eq. (4) by w,”=Re®Q*(w,,T).

The imaginary and real parts of the temperature-
dependent Green’s function g in Eq. (4) are, re-
spectively,

Imgp(w) = (1/2w) coth(iw/2KT)
X_Z;XZ(E’]. )5(0) "(U(-q’j))’ (5)
&

Regr(w)= 27erf dw '%, (6)

in which X?(q,j) gives the projection of the host-
crystal mode specified by (q,7) onto a suitably
chosen local symmetrized coordinate, X, involv-
ing the displacements of the neighbors of the im-
purity. Finally, {n)=~tanh(%w,/2KT) represents
the thermal population difference between the
ground and excited states of the impurity.

The coherent neutron-scattering cross section
is found by substituting the £ matrix given by Eq.
(3) into Eq. (2) for G(@,j) and taking the imagi-
nary part. As discussed by the authors in con-
nection with self-interstitials in fcc metals,® the
scattering cross section can exhibit a two-peaked
structure or a resonance-frequency shift and line
broadening, depending on the size of the damping
represented by ImQ.*(w,T). Furthermore, a
long-wavelength expansion shows that the velocity
of sound for sound waves of the appropriate po-
larization is reduced by the resonant lattice-im-
purity coupling; this reduction is proportional to
the impurity concentration, and for the two-level
impurity, unlike an impurity with vibrational in-
ternal modes, is strongly temperature dependent,
in agreement with the ultrasonic measurements
of Byer and Sack.®

As shown in the approximate energy-level dia-
gram in Fig. 1, the CN~ ion in KCl is a multilev-
el impurity. A theory for the multilevel impurity
can be developed’® along the lines used by Klein
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for the two-level system. To determine the ¢
matrix for a multilevel impurity, a superficially
formidable set of matrix equations must be solved
to determine the contributions from the various
pairs of levels, and the results summed to find
the total. Qualitatively, there are two principal
new features of these more complicated equa-
tions: First, a lattice mode of a given local sym-
metry may have a resonant coupling to two or
more interlevel transitions; second, there are
temperature-independent as well as temperature-
dependent self-energy terms. A multilevel im-
purity can therefore produce more complicated
structure and temperature dependence in the
neutron-scattering cross section than a two-level
impurity.

We have used the two-level model correspond-
ing to Egs. (1)-(6) in extensive calculations; on-
ly a few of the more important details and results
can be given here. Imgr(w) was calculated by in-
tegrating over the Brillouin zone, and Regr(w)
was then determined numerically from Eq. (4).
Details of this type of calculation have been given
elsewhere.® The symmetrized coordinates X
used for the calculation were the E, modes of the
six nearest neighbors of the CN™ ion. The pa-
rameters w, and \>f, were varied until a value
of the resonance frequency, w,, was obtained
that was in approximate agreement with the val-
ue of 0.54 THz shown in Fig. 1 for E, phonons,
and the splitting between the two peaks in the neu-
tron-scattering cross section at £ =0.08 was ap-
proximately that measured at 10 K. The results
of this calculation are shown in Fig. 2 by the
dashed curves; they closely resemble the corre-
sponding experimental curves, although the peak
splittings are somewhat too small. We found that
Vo =w,/2m =1.65 THz, and A’f, corresponded to a
frequency v, = (K/M)¥?, where K = 16400 dyn/cm
and M is the mass of a potassium atom. These
values confirm that the coupling between the im-
purity and the lattice is relatively strong.

We have also performed calculations of 6C/NC
as a function of temperature, where N is the num-
ber of defects per cubic centimeter® and 6C/C is
the relative change in the particular elastic con-
stant of interest, C =C,; —C,,. The overall shape
of the results was very close to that observed ex-
perimentally,’ but the values of the elastic-con-
stant changes, like the peak splittings, were
somewhat too small. The form of the equations
suggests that we need to take somewhat larger
values of w, and A*f, while keeping the value of
w, fixed. This may be done by increasing the in-

teractions with the first-nearest-neighbor ions
or by including interactions with second or fur-
ther neighbors.

Corresponding to the temperature dependence
of the elastic constants, the splitting of the neu-
tron-scattering peaks decreases with increasing
temperature such that by 120 K the effect of the
resonant perturbation has very nearly vanished.
The calculated and measured temperature depen-
dences are in reasonably good overall agree-
ment, but theoretically there is a shift in inten-
sity, for phonons with q values in the resonance
region, from the lower peak to the higher peak
as the temperature is raised. This shift, which
apparently has not yet been observed experimen-
tally, is produced mainly by the temperature de-
pendence of Qy(w,T). There also seems to be
some evidence from the experimental data that
the two-level model used here may underesti-
mate the magnitude of the residual shifts in the
phonon dispersion curves which are still ob-
served at 120 K.

We conclude that the simple two-level impurity
model used here gives reasonably good agree-
ment with the neutron-scattering data presently
available for KC1:CN~. A multilevel treatment
could be applied to this system if the theoretical
and computational complications introduced by
such a treatment were warranted by more exten-
sive experimental results. From a more general
point of view, it now seems clear that neutron
scattering can be used to investigate a whole
class of defect problems in a very direct man-
ner. This is of interest not only for insulators
such as KC1:CN"~, but especially for metallic
systems where optical measurements cannot be
used.

The authors are grateful to R. M. Nicklow for
many helpful discussions. This research was
sponsored by the U. S. Energy Research and De-
velopment Administration under contract with
the Union Carbide Corporation.
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We have studied the surface resonances on Mo(100) and W(100) with angle-resolved,
#w-dependent photoemission using synchrotron radiation. For normal emission, two
resonances are seen. They are located 0.3 and 3.3 (0.4 and 4.2) eV below E for Mo (W).
The high-lying resonance remains symmetric and narrow for all photon energies used.
Its intensity peaks at Zw =15 and 30 (14 and 29) eV for Mo (W). For ¢ =2°, a second high-
lying resonance appears a few tenths of an eV below the first one. Many-body phenomena

are not required to explain the data.

To explain the surface resonances observed in
our field-emission measurements® of Mo(100),
we have recently presented a parametrized lin-
ear-combination-of-atomic-orbitals calculation®?
of the k- and orbital-resolved surface local den-
sity of states. We noted that this calculation
could also serve as a theoretical basis for most
of the previous angle-resolved photoemission
studies of this resonance feature on W(100).3
However, recent photoemission studies of this
resonance on both W(100) %5 and Mo(100) ¢ seem
to have generated considerable confusion and de-
bate regarding the origin and characteristics of
these surface resonances as well as the applica-
bility® of our tight-binding Green’s-function cal-
culation.’

In this Letter, we report on angle-resolved
photon-energy~dependent photoemission studies
of W(100) and Mo(100) using synchrotron radia-
tion. Our results on both metals are in sharp
contrast to the previous reports by Egelhoff, Lin-
nett, and Perry,* by Feuerbacher and Willis,?
and by Noguera et al.®; and, considering the sim-
plicity of the model, in amazingly good agree-
ment with our calculation.! First, we find that
for normal emission, the well-known high-lying
resonance”® remains symmetric and sharp for
7iw between 10 and 40 eV. The peak width of this
resonance is nearly identical with the width ob-
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served in a field-emission energy distribution.>%®

Second, we find that, for emission angles 6 great-
er than 2°, a second high-lying surface resonance
appears just a few tenths of an eV below the first
one, as predicted in our previous paper.’ Third,
our measurements confirm the existence of a
low-1lying surface resonance on both metal sur-
faces.»*!° Fourth, the overall dispersion of
these resonances within the surface Brillouin
sone (SBZ) is compatible with our k,-resolved
calculation.»? Fifth, we find that it is not nec-
essary to invoke many-body phenomena to ex-
plain the photoemission from these resonances.

Angle-resolved photoemission spectra were ob-
tained at the 240-MeV storage ring at the Syn-
chrotron Radiation Center of the University of
Wisconsin using the same analyzer as recently
used by Allyn, Gustafsson, and Plummer,'® 2
The analyzer has an acceptance of +2° and is in-
dependently rotatable around two orthogonal ax-
es.'? Its resolution is = 0.12 eV.

In order for us to identify a peak in a photo-
emission energy distribution as a surface state/
resonance, we feel that four criteria have to be
fulfilled: (1) It should be sensitive to contamina-
tion. (2) Its energy position should be indepen-
dent of the photon energy. (3) It should be con-
sistent with (our) angle-integrated photoemission
results.® (4) It should be consistent with (our)



