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Scattering of He atoms from KCN(001): Analysis of the energy exchange
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High-resolution inelastic He-atom surface scattering experiments have been carried out on an in situ
cleaved KCN(001) molecular crystal surface in the temperature range of 40& T & 334 K covering the
temperature range of the two known bulk phase transitions at 168 and 83 K. No Bragg diffraction peaks
other than the specular beam are observed over the entire temperature range. The scattering intensity is
primarily composed of inelastic multiphonon processes along with some diffuse elastic-scattering contri-
butions, the latter of which increases in magnitude with decreasing temperature while the former de-
creases in intensity with decreasing temperature. A theoretical model developed for explaining the
multiphonon-scattering process gives very good quantitative agreement with the data.

I. INTRODUCTION

The inelastic scattering of nearly monoenergetic heli-
um atoms from crystal surfaces in single-phonon col-
lisional experiments has provided important information
about fundamental dynamical processes occurring at sur-
faces. ' More recently, experiments have been carried out
which focus on the multiphonon contribution to the
scattering process. Normally, this component is ob-
served as a broad inelastic background upon which the
elastic and single-phonon peaks often appear. Although
it resembles a diffuse background, it is nonetheless still
coherent, and under many circumstances can exhibit dis-
tinctive features such as broad peaks or valleys. A
quantum-mechanical theory has been developed ' which
is capable of analyzing the multiphonon scattering of par-
ticles with small mass, such as He, under the conditions
of the experiment reported herein. An approximate semi-
classical limit has also been derived which is valid for
conditions where the Debye-Wailer exponent 28'is large,
namely 28') 6, which occurs under conditions that com-
bine high surface temperatures, high-energy particles and
large mass projectiles. Much of the previous work, both
experimental and theoretical, has concentrated on close-
packed metal surfaces such as Cu(001) and on insulator
surfaces such as the alkali halides LiF, NaC1, RbC1, and
KBr. This work now extends the measurements and
analysis to a molecular crystal KCN(001) which has vi-
brational properties similar to the alkali halides, and in
addition exhibits molecular motion of the CN ion.

KCN belongs to a broad group of polymorphic corn-
pounds which have the form M+(XY), where M+ is a
positive metal ion and XY is a linear molecular negative
ion. Immediately below the melting point they typically
exhibit cubic structure, and may undergo one or more
structural phase transitions as the temperature is
lowered. ' KCN is known to have three phases in the

bulk with the two phase transitions occurring at 168 and
83 K. In the high-temperature phase ( T & 168 K), KCN
is a transparent crystal with a NaC1-type structure that
has CN ions in an octahedral cage comprised of six K+
ions. There is no orientational order of the CN ions
with respect to the octahedral cage. At T =168 K, KCN
transforms to a body-centered-orthorhombic structure
with the CN ions orienting along the "b" direction
which corresponds to the (110) axes of the cubic rock-
salt phase. " This structure remains until T=83 K,
where KCN transforms to a monoclinic phase in which
the CN ions align alternately in the (110) direction
and, consequently, the crystal becomes antiferroelec-
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Neutron inelastic scattering and Raman measurements
made on bulk KCN implicate multiphonon effects in
such features as the high degree of dynamic disorder of
the CN ion and the unusually large Debye-Wailer ex-
ponents which were observed. ' ' ' These features are
also found in the He-atom surface scattering studies re-
ported in this paper. Since the cleaving of a KCN crystal
removes one of the six K+ ions which cage the CN, one
expects that even greater dynamic disorder should be
present for the surface studies. The KCN surface is thus
expected to behave similarly to a crystal surface with
loosely bound molecular adsorbates which can exhibit
hindered translational and rotational motion.

II. EXPERIMENT

The apparatus employed for the experimental work is
described briefly below. Details are given elsewhere. '

Its design is similar to other He-atom scattering (HAS)
instruments described in the literature. ' ' The
geometry of the system is fixed such that the helium
atoms which. scatter from the target have the sum of their
incident and final scattering angles measured with respect
to the surface normal equal to 90' (8, +Of =90'). There
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are two modes of operation of the instrument: (1) with
the chopper out of the beam path, and (2) with the
chopper in the beam path. For the former, there is no en-
ergy analysis of the scattered beam, and the measure-
ments consist of the scattering intensity versus incident
angle, called an angular distribution. Usually such mea-
surements contain specular and Bragg scattering peaks
which give general structural information about the sur-
face. In the second or time-of-fiight (TOF) mode of
operation, the measurements are done at fixed incident
beam energy and fixed incident and scattered angles 0;
and 8f. The chopper produces 7-ps pulses from the
beam and the energy-transfer information is obtained
from the resulting TOF spectra.

The two different KCN crystals used in this work were
approximately 6X7X2 mm in dimension, cut from a
boule obtained from the University of Utah Crystal
Growth Lab. ' Both targets were produced by cleaving
in situ to yield the (001) surface. For the first target the
chamber pressure was in the low 10 ' -torr range, and
for the second in the mid-10 "-torr range. Each of the
samples was mounted on an oxygen free high conductivi-
ty (OFHC) sample holder attached to the manipulator.
Prior to the cleave, the target chamber was baked to
150'C for about 15 h. Two types of cleaves were em-
ployed. For the first target the cleave was made by using
the closing of two jaws on a notched crystal, while for the
second the cleave was obtained from a spring-driven guil-
lotine device.

After producing the targets, angular distributions were
taken at temperatures which ranged across all three
phases of bulk KCN. Despite considerable effort and
care in searching, no Bragg peaks were observable over
the crystal temperature range from 35 to 300 K, thus in-
dicating the absence of long-range order at the surface of
the crystal. Hence it was not possible to align the target
in the ( 100 ) or ( 110) high-symmetry directions from
the diffraction pattern, as is normally done with the alkali
halides. Rather the alignment in these directions was
done based on the geometry of the crystal and its
cleavage planes and the approximate cosine shape of the
measured angular distributions. A series of TOF spectra
were taken as a function of temperature from 35 to 300 K
in each of the two high-symmetry directions, mostly at
the approximate specular angle but also with a few spec-
tra taken in nonspecular directions. The second crystal
gave similar results to the first, but was superior in quali-
ty, and thus the results for it are the ones reported in this
paper.

The incident He beam energy in this instrument can be
varied from about 20 to 60 meV, with an energy width of
about 2%%uo full width at half maximum (FWHM) by con-
trolling the temperature and the pressure of the nozzle
beam source. For the measurements reported here the
energies were near 30 meV, corresponding to incident
wave vectors of =7.6 A

III. THEORY

The quantum-mechanical theory to analyze the multi-
phonon background was described in a previous work.

d R
dAfdEf (2M)~

w (kf, k, ),

where L is the quantization length parallel to the surface,
k,, is the normal component of the incident wave vector,
and m is the projectile mass.

For He atoms as incident projectiles, the dominant
contribution to the multiphonon scattering comes from
low-energy, long-wavelength phonons. Thus for calculat-
ing the multiphonon scattered intensity a quick scattering
approximation, in which the collision time is assumed to
be short compared to the relevant phonon periods, is
justified.

When the quick collision approximation is combined
with the generalized Fermi golden rule, after suitably
averaging over the crystal modes, the differential scat-
tered intensity appears as the Fourier transform of the
exponential of the time-dependent displacement correla-
tion function:
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where r& is the equilibrium position of the Ith target
center, u&(t) is the displacement from equilibrium posi-
tion, ~k k is the scattering amplitude of a surface unitf' i

cell, and k=kf —k;. The quantity exp[ —2W&(k)] is the
classic expression for the Debye-Wailer factor,
Aco=Ef —E; is the energy gained by the particle and
((k.uo(0)k u&(t)) ) is the time-dependent displacement
correlation function which can be developed in terms of
the normal modes of the crystal.

We briefly review the important features here.
The transition rate w (kf, k; ) for a particle making a

transition from the initial incident beam of momentum
A'k, . to a final state denoted by momentum Rkf is

w(k(, k, )= '„((g I Tf;( 5(wf -~, ))),
Inf I

This is the generalized Fermi golden rule, averaged over
initial states of the crystal as denoted by ( ( ) ), and
summed over final states I nf ] of the crystal. In Eq. (1),
6',. and 6'f refer to the total energy of the system of the
projectile plus the crystal before and after the collision,
respectively, and Tf; are the matrix elements of the tran-
sition operator T taken with respect to unperturbed states
of the system. All measurable quantities in a scattering
experiment are proportional to the transition rate. For
example, the three-dimensional differential reAection
coefticient, the quantity directly measured in the present
experiments, is obtained by dividing w(kf, k;) by the in-

cident Aux and multiplying by the appropriate density of
states in final momentum space
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This quick collision approximation is equivalent to as-
suming that the scattering amplitude ~& & is indepen-f' i

dent of the lattice displacement u& of a unit cell, and the
only dependence on displacement is in the phase factor.
The scattering amplitude v& & is, to lowest order, thef' i

off-energy-shell transition matrix element of the elastic
part of the interaction potential.

The exponential of the displacement correlation func-
tion in Eq. (3) can be expanded to yield an ordered series
in numbers of phonons transferred in a scattering event.
The elastic and single-phonon contributions are obtained
upon expanding the exponential to zero or first order in
the displacement correlation function, respectively, and
the multiphonon part is then contained in the remaining
terms of the expansion.

Model calculations

d R
d Af dEf

m'lkf
I

~
e '"'S(K,co)I(K, co) .
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(4)

This is the product of a form factor ~rf; ~, a Debye-
Waller factor, a structure factor of S(K,co), and an ener-

gy exchange factor I (K,co).
When the Debye model approximation is used, these

expressions take the following explicit forms:

and

S(K,co }=g e 'exp
1
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In the semiclassical limit, we can expand the crystal
displacement in a series in Q R&, where R& is the parallel
component of r&, and Q is the parallel wave vector of the
phonon. Then the differential reAection coefficient can be
cast into the following form:

with respect to its own distorted eigenstates. The form
factor (7) has a Gaussian form in E, and the Mott-
Jackson factor behaves roughly as an exponential decay
in the normal momentum difference ~kf, ~

—~k;, ~

when
this quantity is sufficiently large.

IV. DISCUSSION OF THE RESULTS

Figure 1 shows a sample plot of the TOF data and the
comparison with the preliminary calculations based on
the theory. The data were taken for a crystal tempera-
ture of 155 K with a beam energy of 30 meV at specular
incidence. The figure shows the combined specular and
diffuse elastic peak at DE=0 and a prominent inelastic
background. However, a careful examination of the ex-
perimental data suggests a strong contribution from sin-

gle phonons as well as from the coherent multiphonon
part in the observed inelastic background, as might be ex-
pected for such a low surface temperature and a
moderate incident energy.

A broad diffuse single-phonon contribution can arise
from coherent scattering by the surface projected bulk
modes or from incoherent scattering by disorder on the
surface. In either case, since low-frequency modes are
expected to dominate, a reasonable approximation would
be to calculate this single-phonon contribution with the
same Debye model used for the rnultiphonon part. There
may be some inelastic energy exchange with the hindered
rotational modes of the CN ions in their modified K
cages. At the level of the present theoretical treatment,
these modes are also treated within the Debye model.
The resultant theory curve is pictured as a solid line in

Fig. 1. The very noticeable sharp drop in intensity
around 11 meV on the theory curve is the well-known
discontinuity arising from the use of the Debye model.

I(K,m) = J dt e exp
2$'(k)sin(co~ t )

COD t
(6)

where AK is the parallel momentum transfer, vz is a
weighted average of phonon velocities parallel to the sur-
face and can be taken as approximately the Rayleigh ve-
locity for the surface modes, ' coD is the Debye fre-
quency, and T is the surface temperature. The quantity
ficoo=h' k /2M is the energy shift due to the recoil
motion of the crystal, with M the molecular mass of the
crystal. The evaluation is made in the high-temperature
limit.

Equations (4), (5), and (6} are used for the calculations
to compare with the data (see below). In these calcula-
tions, for the form factor

~ rf; ~, we have adopted expres-
sions obtained from the distorted-wave Born approxima-
tion, namely a Mott-Jackson matrix element for perpen-
dicular motion and a cutoff factor for parallel motion:

+2/ 2

~1f; ~

=e VM g(kf, k; ) (7)

The Mott-Jackson factor v~ z is the matrix element of
the one-dimensional potential v (z) =exp [

—Pz ) taken
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FIG. 1. Example of the comparisons made between the
theory and data. The jagged line shows the experimental TOF
spectrum transformed into an energy gain/loss plot for helium
scattering from KCN(001) at 155 K at specular incidence with a
particle energy of 30 meV. The dotted line is the calculated
multiphonon background. The solid line is the theory curve
after adding the single-phonon part to the multiphonon back-
ground. The assumed values of the parameters are as follows.
The Debye temperature is 123 K, the molecular mass is 65.1

amu, P=5.5 A ' and Q, =7.5 A
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This can be explained by examining the expression for
the frequency distribution for the Debye model,

p(co) =3co /coD for co ~ coD .

At co=co& the frequency distribution abruptly drops to
zero. This cutoff in the frequency spectrum in turn
causes the unphysical behavior of the single-phonon in-
-tensity calculated using the Debye model, as illustrated in
the figure. To overcome this problem, we have assumed a
correcting factor to the Debye spectrum which eliminates
the abrupt fall in the frequency distribution at co=aD.
The modified frequency distribution function is

p(co) = 3~2/~D3
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FIG. 3. Natural logarithm of the elastic peak height vs tem-
perature for helium scattering from KCN (001).

where co& is an intermediate value in the frequency spec-
trum slightly smaller than coD and A is a constant. For
our best match we have used A =3. 18 (s/rad) and
cot =0.7coD, and these leave the integral of p(co) still nor-
malized to unity. Using the modified spectrum the
theory curve assumes a much better appearance, as de-
picted in Fig. 2, which is for the same experimental
configuration as in Fig. 1. The discontinuities in intensity
at the Debye energies of +11 meV are now replaced by
smooth curves as a result of the modified Debye spectrum
that the calculations are based on. The shoulders seen in
the calculated result at an energy exchange of around
+11 meV are clearly evident in the experimental data,
which is a strong indication of the correct value of the
Debye frequency.

The actual determination of the Debye temperature is
obtained from a Debye-Wailer plot of the elastic intensity
at the specular position. The logarithmic plot of the elas-
tic data (with the diffuse inelastic background subtracted)
versus surface temperature is shown in Fig. 3, and is
nearly linear. This is compared to the theoretical form

1.6—

1 .2E)
CD

E
u) 08
o
(3

0.4—

0
-40 -20 0

+ E (meV)
20 4Q

FICr. 2. Example of the comparisons made between the
theory and data using the modified Debye spectrum. The exper-
imental data and the theoretical parameters are the same as in
Fig. 1.

I(T)=I(0)e, with 2W' calculated within the Debye
model as

2W(k)=

For a molecular mass of 65.1 amu (K+C+N), a linear fit
of Eq. (11) to the experimental data of Fig. 3 yields 123
K for the Debye temperature (or 11.2 meV for the Debye
energy).

Figure 4 presents a summary of the comparisons car-
ried out at the specular position for crystal temperatures
range from 40 to 334 K. The predicted multiphonon
background and the calculated total inelastic intensity
(the sum of multiphonon and single-phonon parts) are
plotted along with the experimental data taken for a
beam energy of 30 meV. For all calculations the Debye
temperature is 123 K, the molecular mass is 65.1 amu,
P=5.5 A ', and Q, =7.5 A '. In each panel the solid
line is the experimental result, the dashed line is the
theoretical calculation including both single and multi-
phonon contributions, and the dotted line gives the calcu-
lated rnultiphonon contribution alone.

One can clearly see that, as the temperature increases,
the elastic peak decreases according to the Debye-Wailer
behavior exhibited in Fig. 3, while the inelastic back-
ground broadens in width. The maximum intensity of
the background, however, remains relatively unchanged
for the lower-temperature runs, but decreases somewhat
at higher temperatures. At the highest temperatures the
single-phonon contribution becomes negligible due to the
attenuation by the Debye-Wailer factor, and nearly all
the inelastic scattering is multiphonon.

Calculations of the maximum multiphonon peak height
and the full width at half maximum (FWHM) as a func-
tion of surface temperature agree quite well with the ex-
perimental data. The behavior of the maximum multi-
phonon intensity and FWHM as a function of tempera-
ture can be qualitatively explained on the basis of unitari-
ty arguments. The increasing width is due to the larger
number of scattering channels available with increasing
temperature. However, above the temperature at which
the elastic and single-phonon quantum contributions
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have disappeared, the maximum value of the inelastic in-
tensity decreases in order to conserve the total number of
scattered particles. This agreement between calculation
and experiment is an indication that the multiphonon
scattering does not depend strongly on the nature of the
frequency distribution.

Figure 5 shows the comparisons with the data taken at
off-specular angles. The crystal temperature here was
180 K, the incident beam energy 28.1 meV, and the an-
gles of incidence range from 0; =53' to the specular angle
0,-=45'. For the theoretical calculations all parameters
are taken to be the same as in Fig. 4. At this relatively
low surface temperature the single-phonon contribution
is still substantial. As in Fig. 4, the theory somewhat un-
derestimates the total elastic background near specular
incidence, but agrees well at larger angles away from
specular. This near-specular scattering may be
significantly enhanced compared to the present model
due to the long-range Van der Waals forces of defects.

V. CONCLUSIONS

Here we have presented an experimental and theoreti-
cal study of the inelastic background observed in He-
atom scattering from the cleaved (001} surface of KCN.
The He beam has an energy of approximately 30 meV,
and observations of the energy-resolved scattered distri-
bution are made at several incident polar angles and over
a range of temperatures from 40 to 350 K. At high tem-
peratures, above 200 K, the scattered intensity consists
entirely of a broad multiphonon inelastic feature with a
single maximum, with no sharp elastic or single-phonon
peaks. At lower temperatures there is evidence of a
strong single-phonon contribution in the inelastic back-
ground, but there are no sharp single-phonon peaks due
to localized surface modes and the elastic features consist
of a diffuse elastic peak seen at all angles which merges
into a much stronger elastic peak at the approximate
specular position. No higher-order diffraction peaks are
observed in angular distributions of scattered intensity
versus incident angle.

Neutron-scattering experiments from bulk KCN have
indicated a rather large difFuse elastic and inelastic back-
ground indicative of a significant amount of disorder. ' '
The absence of diffraction peaks and peaks in the TOF

1.0-
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1.5 53

51'
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1.5- T=334 K
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FIG. 4. Intensity vs energy exchange curves for He scattering
from KCN at 45' incidence for different substrate temperatures.
The dotted lines indicate the calculated multiphonon back-
grounds. The dashed lines are the theory curves (single-phonon
plus multiphonon contributions) to rnatch with the data curves
represented by solid lines. The incident energy and other pa-
rameters are the same as in Fig. 1.
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FIG. 5. Intensity vs energy exchange curves for He scattering
from KCN at 180 K for different angles of incidence and the in-

cident energy of 28.1 meV. The dashed lines are the theory
curves (single-phonon plus multiphonon contributions) to
match with the data curves represented by solid lines. The oth-
er parameters are the same as in Fig. 1.
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spectra due to Rayleigh or other localized surface modes
in these observations is indicative that this surface is
more disordered than the bulk. The disorder is probably
due in part to the orientational disorder of the CN ions,
whose cages of K+ ions are opened at the cleaved (001)
surface. Because of the different orientational order of
the much larger CN ions from cell to cell, the transla-
tional symmetry of the crystal is destroyed. ' However,
since any long-range order of the unit cells themselves
can still give to diffraction peaks, it is not clear that
orientational disorder alone can account for their absence
here. Regardless, the complete absence of diffraction
peaks indicates long-range lattice disorder on the surface.
It is clear that more information is needed to understand
the nature of this disorder.

The observed temperature range encompasses the two
known phase transitions in bulk KCN at T = 168 and 83
K. Unlike in the bulk, no unusual surface behavior in ei-
ther the elastic or inelastic scattered intensity is observed
in the neighborhood of either of these two transition tem-
peratures.

The theoretical model used to interpret the data is
based on a quick collision approximation, which should
be adequate for the exchange of large numbers of small
frequency phonons, and uses a Debye model for the pho-
non frequency distribution. ' The inhuence of the in-
teraction potential between the particle and the surface
enters through a form factor which is essentially the
squared modulus of the transition matrix for scattering
from a single unit cell. For this form factor we have
chosen a product of a Mott-Jackson matrix element for
perpendicular motion and a Gaussian cutoff factor for
parallel motion, a choice motivated by distorted-wave
perturbation theory, and one which has been shown use-
ful for both single- and multiple-phonon scatter-

2 —6,9,24

The single-phonon contribution is also calculated using
the Debye model. For a clean ordered surface this would
normally be considered a poor approximation, because
the sharp features of the single-phonon contribution can
be reproduced only by using an accurate and realistic
phonon spectral density. However, for this surface the
single-phonon contribution to the total scattered intensity
is smooth and diffuse with no sharp features. This would
imply that the single-phonon intensity is dominated by
scattering from bulk modes and from diffuse scattering
from surface defects, and both these contributions can be
reasonably modeled by a Debye frequency distribution.
At temperatures lower than 100 K the single-phonon
part of the intensity is rather prominent, and its features
are well matched by the Debye model calculation. In
fact, the Debye model predicts a sharp cutoff shoulder in
the energy-resolved intensity at energy gains and losses
corresponding to the Debye frequency. The good match
between the positions of this shoulder in the calculated
and measured intensities at low temperatures serves as a
secondary method for determining the surface Debye
temperature, the primary method for determination of
the Debye temperature being a 6t to the Debye-Wailer
factor for the decrease of the elastic specular peak with

temperature. The Debye-Wailer fit gives a Debye tem-
perature of 123 K which is consistent with the positions
of the observed shoulders in both the energy-gain and
-loss sides of the experimental data at the lowest tempera-
tures.

The agreement between theory and experimental data
is good at all temperatures and incident angles, with the
best agreement occurring at high temperatures where the
intensity is dominated by the multiphonon contribution
and looks very much like a smooth classical scattering
distribution with no sharp quantum features. The good
match at high temperatures enables a determination of
the P and Q, parameters of the form factor. The best
choices for all the data measured are P=5.5 A ' and

Q, =7.5 A '. Both these values are large compared to
the typical values of P=2 —3 A ' and Q, = 1 —2 A
which have been obtained from examinations of the
momentum dependence of the single-phonon peaks mea-
sured on close-packed metal surfaces. Larger values of
the potential range parameter P are expected for the
more rigid surface of an insulator such as KCN. The
larger value of Q, is indicative of a rougher surface which
tends to scatter particles to larger parallel momentum
values, as compared to a close-packed metal. However,
the very large values of these two parameters implies a
form factor which has very little dependence on either
normal or parallel momentum transfer; i.e., it implies
nearly uniform scattering in momentum space with a
cutoff at values of parallel and perpendicular momenta
only for particle wave vectors larger than P and Q„re-
spectively. This result is again consistent with scattering
from a rather rough surface in which the unit cells can
deflect the incident particles to very large angles away
from the specular direction.

The good agreement between theory and experiment
implies that with this rather straightforward and readily
calculable theory we have a tool which will be useful for
determination of the multiphonon contribution to the en-
tire diffuse inelastic background. This information is par-
ticularly useful for purposes of subtraction from the data
in order to determine the true experimental values for the
elastic and single quantum features. ' ' The agreement
also substantiates the fundamental assumption that the
multiphonon contribution should not depend strongly on
the phonon spectral density. Because of this insensitivity
to the phonon distribution, the inelastic background at
high temperatures can be used to determine the range
and cutoff parameters of the interaction potential for in-
elastic scattering.
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