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Successive multilayer desorption from ultrathin alkali-metal films studied
with helium-atom scattering
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Using high-resolution energy-resolved helium-atom scattering the temperature-dependent behavior of
phonons in ultrathin potassium films has been investigated. The experiments show that “organ pipe” modes
with frequencies determined by the local film thickness dominate the phonon dispersion curves in films of
thicknesses below ten monolayers. The vanishing of certain film modes and the emergence of new modes at
sufficiently high temperatures indicates a partial and, eventually, a complete thermal desorption of the film. An
evaluation of the data demonstrates that the desorption proceeds in a layer-by-layer mode. At temperatures
below the onset of desorption annealing effects have been measured, also using the spectroscopy of different
film modes.[S0163-182@8)04807-3

I. INTRODUCTION this paper have been converted to an energy transfer scale.
The Ni(001) substratgKristallhandel Kelpin, D-69181 Lei-
The most common techniques applied in desorption spednen was cleaned by repeated cycles of sputtering with
troscopy involve thermal or electronic excitation of the sys-800-eV Ar™ followed by an annealing procedure at 1100 K
tem and the detection of changes in the surface coverage 8ptil Auger electron spectroscopy indicated that the sulfur
the desorbed particle flb In this paper a method is intro- gnd carbon contamination is below the detection _I|m|t of the
duced that allows one to study the desorption behavior of?Strumen{®<0.5% of a monolayefML)]. Potassium get-
ultrathin films and provides more detailed information thant€’ diSPenseréSAES getters S.P.A., Milano, Italymounted
conventional thermal desorption spectrosc6pRS). In con- 60 mm away from the substrate, were used to deposit the

trast to conventional TDS, changes in the distribution of Con_alkali-metal films. Before use the_dispensers were carefully
fined vibrational modes in the filf® measured in the en- outgassed and before each experiment they were heated for 1

ergy transfer spectra of scattered He atoms, are used to a temperature slightly below the operating conditions.

. ) ) e oscillations in the specularly reflected He signal during
monitor the local film thickness and thus the cover@gdn  ,, 2ii_metal deposition served to determine the film

this way additional information on the desorption processyicinesd-2in terms of the number of deposited alkali-metal
can be obtained and also, possibly, on the difference betweqfj 's on ceasing the exposure at tNth maximum one
the kinetic parameters for films of different thicknesses.  ypiains a film ofN-ML “nominal” thickness.

In this paper we present helium-atom scatter(ftpS) The surface temperature was measured with a chromel-
data for the K/N@OOl) SyStem. FO”OWing a SeCtion about the alumel thermocoup'e welded to the Crysta'_ The thermo-
details of the experiment, three different aspects of the recouple readings were calibratéa situ*® by measuring the
sults will be discussed. First, it will be shown how the dif- desorption of different adsorbed atoms and molec[Hes!
fuse elastic component of the scattered helium provides inc0!2 and N, (Ref. 13]. In each one of these adsorbate
sight into the onset of desorption from the film surfaces.systems the onset of desorption was indicated by a sudden
Then the measured intensities of the confined vibrationajncrease in the specular reflectivity on raising the tempera-
(*organ pipe”) modes in the energy transfer spectra of theture. In this manner, the temperatures for peaks in the de-
scattered helium will be presented. As a third aspect the insorption spectra of these systems have been determined and
fluence of the temperature on the distribution of film modescompared to TDS data from the literatdfe!® Computer
in the energy transfer spectra will be discussed as well agontrolled heating made it possible to achieve a stability of
how the behavior of the data can be used as an identifyinghe surface temperature of 0.6 K and also permits the
characteristic to gain information on the morphology of thetemperature to be raised linearly with time. Heating rates
film surfaces and on the annealing process. The last tweere chosen to be on the order of 0.1 K/s. Measurements of
sections are devoted to the description of a model that ishe angular shift of the specular He reflection for different
quantitatively able to explain the data and provides valuesemperatures indicated that in the temperature range between
for the activation energies for desorption from films of dif- 100 K and 350 K misalignments of the crystal caused by
ferent thicknesses. thermal expansion in the crystal holder assembly were

smaller than 0.05° and can be neglected.

Il. EXPERIMENTAL DETAILS
IIl. RESULTS

The HAS apparatus used in the experiments is described
in detail elsewheré.It employs time-of-flight(TOF) spec-
troscopy with an energy transfer resolution corresponding to The helium data show that thermal desorption from ultra-
350 ueV at a beam energy of 12.4 meV. All TOF spectra inthin (®<10 ML) potassium films on a N001) substrate

A. Thermal desorption
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‘@ 800 T T v — T — desorption mechanism and the marked temperatures are re-
€ 700 ; l S J lated to completing the removal of another monolayer.
. 1 [
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s ° ! B. Film modes
> 500} ° ; © . .
= - Using TOF spectroscopy, changes in the phonon spectrum
] (o] . . . .
S a0} o, ; °© ] of the ultrathin potassium films with temperature have been
£ o E 1 © investigated. As for the Na/C001) film systeni the TOF
8 300 A P spectra measured for K films on (8D1) up to 10 ML thick-
2 | ° - ] ness contain peaks related to vibrational modes representing
i o i confined resonances within the potassium I3§éf. These
§ 00} 0 standing longitudinal waves exhibit nodes at the film-
g0 % substrate interface and antinodes at the film surface and re-
a 150 200 250 300 350 sult in a vibrational mode at the surface with a polarization
Temperature (K) vector parallel to its normal that warrants a large excitation

probability for inelastic helium scatterirf§. The frequency
FIG. 1. Temperature evolution of the “diffuse elastic” peak of these modes is directly related to the thickness of the film
intensity measured in the He energy transfer spectra at a paralleind thus to the number of monolaye¥sdeposited on the
momentum transfer ocAK=0.35 A", at 12.0 meV beam energy, substrate. Since the wavelengths of the overtones are odd
and along th¢110] azimuth direction of the NDOD) substrate. The integer multiples of that of the fundamental frequency
sample was prepared by depositing 4 ML of potassium on the Sch'ol(N), it has become customary to label these modes by
strate at 98 K at a rate of 0.1 ML/sec. Raising the temperature Ieadf/N,3/N, o821 p comparison of such film modes for a

initially to a Debye-Waller damping of the signal and later to an variety of system"shas revealed that. faN=2. the funda-
increase in the concentration of surface defects due to the desorﬁ1 ' '

. -~ mental frequencyo;(N) can be written as
tion of K atoms. The temperature that marks the onset of desorption q yo1(N)

is indicated by the dashed line, the arrows indicate temperatures at w1(N)=woN P 1)
which the desorption from islands with 4 and 5 ML thickness is ! 0 '
completed(see the tejt wherew, andp are parameters that are characteristic of the

film-substrate combination. It turns out that for Na(Qoud),

leads to drastic changes in the surface morphology. Thus th=1, in which case Eq(1) describes the fundamental fre-
onset of desorption can be detected by monitoring the “dif-guéncies of the vibrations in an organ pipe. In the KON
fuse elastic” peak in the TOF spectra of the scattered He agyStem thelgexponerp has the value of 1.23 anflw, =
the film temperature is raised since this peak contains heliu 3.12 meV.

atoms that are elastically scattered by defects on th? The nature of these _V|brat|ons |mp||_es that the resonance
surfacet4 15 requencies measured in a HAS experiment should be inde-

Figure 1 illustrates how the diffuse elastic peak intensitypendent of the amount of parallel momentirK transferred

changes on increasing the surface temperature. The particultor the surface and thus of scattering geometry or beam en-

) : rgy. Earlier experiments for the K/{®01) system confirm
Se.t of dgta refer; to. a potasglum film prepared to be 4 Iv”this behavior as long as the film thickness and the momenta
thick using the criterion described above. It had been depo%?ansferred are sufficiently small and the “dispersion

ited at 100 K substrate temperature and had not been agyryes for the 1/3, 1/4, and 1/5 modes are perfectly “flat”
nealed. The intensities plotted are taken from a series g, Ak <03 A~119

energy transfer spectra measured at different temperatures The aim of the investigation in this paper is to take ad-
for a parallel momentum transfer ¢fK=0.35 A™* along  yantage of the unambiguous relation between film mode fre-
the [110] substrate azimuth for an incident beam energy ofguencies and the film thickness from Ed) and to use it as

12 meV. The semilogarithmic presentation shows that, a&n identifying characteristic to monitor temperature-induced
sufficiently low temperatures, the intensity decreases witlthanges in the film. In order to rule out systematic errors that
increasing temperature. Such a behavior and the linear sloge caused by an undesired variation in experimental param-
of the curve are expected and are due to Debye-Walleeters, great care was taken to avoid the misalignment of the
attenuatiort® For temperatures larger than 260 K the diffusecrystal due to thermal expansion in the crystal holder assem-
elastic intensity rises again rapidly. This indicates that theébly (<0.05°). The influence of the temperature-dependent
Debye-Waller attenuation has been superseded by an emultiphonon excitation was kept as small as possible by op-
hancement of the diffuse intensity brought about by an inerating at a very low helium beam energy of 12 meV.
creasing number of surface defects, which are most likely Figure 2 shows a helium TOF spectrum, converted to an
due to the onset of desorption. Thus the temperature at whioknergy transfer scale, that was obtained from a film of a
desorption from the K-film surface becomes significant lies‘nominal” thickness of 4 ML at a fixed incident anglé,
substantially below 336 K, the melting point of bulk =47.5° and at 12.0 meV beam energy. The potassium film
potassiunt! It is also interesting to note that the rising part was deposited at 100 K substrate temperature and at a rate of
of the curve in Fig. 1 contains additional structure at 270 K0.1 ML/s while monitoring the specular He reflectivity. The
and 290 K, marked by arrows in the plot. An evaluation ofdesired nominal thickness was obtained as described earlier.
changes in the distribution of film modes discussed in SecAfter the potassium atom flux was turned off the temperature
Il C reveals that this structure is due to a layer-by-layerwas raised to 148 K and the TOF spectrum shown in Fig. 2
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FIG. 2. Helium energy transfer spectrum, measured under the
experimental conditions stated in the legend of Fig. 1, after the

temperature was raised to 148 K. The deconvolution of the spec- 20 128K
trum reveals contributions of the 1/5 film mode-afl..8 meV, the 0 148 K
1/4 mode at—2.3 meV, and the 1/3 mode at3.3 meV. The R TP P TP P BPEE BPE BRSPS
diffuse elastic peak is seen AE=0 meV. 6 -5-4-3-2-1012 3 465

o "y _ _ Energy Transfer (meV)
was measured. It contains in addition to the diffuse elastic

peak atAE=0 some structure that can be fitted using three FIG. 3. Evolution of He energy transfer spectra as the sample
Gaussian profiles on top of a broad Gaussian representing th@mperature is raised. The other experimental parameters are the
contribution of multiphonon excitatiorfé. The deconvolu- same as in the legend of Fig. 1. The different peaks can be assigned
tion was performed using the programAKFIT, version 4.0, to the diffuse elastic peak at 0 meV, the Rayleigh wave of the Ni
supplied by Jandel Scientific Software, in which the centerssubstrate at-1.7 meV, the 1/5 fim mode at 1.8 meV, the 1/4

the widths, and the amplitudes of the four Gaussians ar8lm mode at—2.3 meV, the Rayleigh wave of the substrate for
adjusted simultaneously such that an optimum fit to the datgifferent kinematic conditions at 2.4 meV, and the 1/3 film mode

is achieved. It turns out that the three phonon inelastic peak@ —3-3 meV. Further experiments show that the sequence becomes
in Fig. 2 are located at 1.8 meV, —2.3 meV, and—3.3 irreversible on lowering the temperature again.

meV. A Compal’ison W|th the reSUltS presented in Ref 19320 K to 290 K does not Change the appearance of the TOF
shows that these vibrational energies are precisely those @pectra® aside from Debye-Waller effect induced changes in
the confined resonances 1/5, 1/4, and 1/3, indicating that th@e intensities of the three peaks displayed in the trace for
film investigated is not of uniform thickness: While the larg- 318 K in Fig. 3. The spectrum at 318 K contains a particu-
est contribution to the energy transfer spectrum in Fig. 2 idarly large diffuse elastic peak suggesting a considerable
due to a confined resonance in a 4-ML-thick film, modesnumber of randomly distributed defects that are probably K
related to a local thickness of 5 ML and 3 ML are alsoatoms in a low submonolayer concentration. Obviously, the
observed. desorption was not completed at this temperature, an as-
sumption that agrees with adsorption studies of the related
K/Cu(001) system. They show that even at a temperature of
The sequence of traces in Fig. 3 illustrates the evolutiorB73 K some potassium atoms remain adsorbed on the
of the data presented in Fig. 2 when the temperature isurface?*
raised. If the film temperature is increased My and the In very satisfying agreement with the previous work on
TOF measurements are repeated on the same film withothe K films?!® the following assignment can be given to the
changing the scattering geometry or the beam energy, theeaks seen in Fig. 3: The diffuse elastic peak appears at 0
energy transfer spectrum is observed to change considerabiyeV, the Rayleigh wave of the Ni substrate-al.7 meV,
Not only is the diffuse elastic intensity reduced due to thethe 1/5 film mode at-1.8 meV, the 1/4 film mode at 2.3
Debye-Waller attenuation discussed above, but the amplimeV, the Rayleigh wave of the substrate for different kine-
tudes of the three different contributions to the structuredmatic conditions at—2.4 meV, and the 1/3 film mode at
peak in the bottom tracéhe data shown in Fig.)2also —3.3 meV.
change and, at sufficiently high temperatures, new signatures Figure 3 contains just samples of the complete sequence
appear in the spectra until, at temperatures above 318 K, thef TOF spectra measured. In Fig. 4. the intensities of the
excitation of the Rayleigh wave of the clean Ni substratedifferent film modes, which were extracted from these data
dominates. All of these temperature-induced changes in thiey the Gauss-profile fitting procedure discussed above, are
film were found to be irreversible: While at lower tempera- plotted as a function of temperature. It is straightforward to
tures changes in the spectra reflect the annealing process,watderstand the behavior of the curves in a qualitative way:
higher temperatures a layer-by-layer desorption takes placét the lowest temperatures the presence of three film modes
Lowering the sample temperature again in several steps fromndicates that the unannealed film consists of patches that are

C. Temperature effects
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A ' T ] factor? and the Debye-Waller-factotthat enter the formula
e e 5 K/Ni(001) describing the inelastic reflection probabilfyIn addition,
\. : the intensities of the film modes are attenuated by the com-
5 petition with diffuse elastic scattering, which, in the systems
\ : 1 studied here, also displays a strong temperature dependence

1500 |-

1000

(cf. Fig. 1.
o ¥ The following subsections deal with these different as-
500 v / o Q&% '/v“,‘( i pects. In Sec. IV A the dependence of the film mode inten-
0o AN v sities on the area covered with patches of different thick-
vy I 3 1
: 3 v
v"/ - ©

'\ 1/3 influence of the temperature on the intensities due to the
or . . ) rn . Bose and Debye-Waller factors will be taken into account.
100 150 200 250 300 350 Section IV C finally introduces a kinetic model that is used
Temperature (K) to describe the dynamics and to reproduce the measured tem-
. , ) perature behavior of the different film mode intensities. The
FIG. 4. Layer-by-layer “desorption spectra” from a 4-ML po- a0y jated curves will be corrected for the influence of the
tassium film. Shown are changes in the film mode intensities in th%ompeting diffuse elastic scattering. In this model we will
He energy transfer spectra as a function of the film temperalurg et ourselves to describe the behavior for temperatures
The intensities correspond to the area of the individual peaks ex- . ) - .
o . . above 263 K and assume that in this range interlayer diffu-
tracted from the data in Fig. 3 using the deconvolution scheme.” . . L2
sion is completed due to the relatively small activation en-

discussed in the text: 1/5 mode, filled circles; 1/4 mode, open . -
circles; 1/3 mode, triangles. At lower temperatures annealing effect§’9Y of only 40 meV(Ref. 19 and the relatively long time

dominate the temperature dependence, at higher ones successipf€rval of 6300 s that has elapsed between the measured
ablation of the 5-ML, 4-ML, and 3-ML patches on the film is ob- SP€ctra at 148 K and at 263 K.
served. As in Fig. 1, the dashed line marks the onset of desorption-

induced surface roughening. A. Inelastic intensity and patch area

nesses will be discussed. Section IV B describes how the

Film Mode Intensity (arb. units)

Depending on the transfer width of the apparatwnd
the size of patches of a certain thickness, the inelastically

K the 3-ML h ing fill interl iffu- . . e
Si Otneofi% at Omga;:gme ?hzrg_ll\)AeLmagn dl f_ ?\Alippgér':gse Z%etrhgl al:e cattered de Broglie waves contribute in different ways to the
ilm mode intensities. If two adjacent patches of different

of the 4-ML islands increases accordingly. The number and . K Hiciently | acoh 5
size of these islands increases further at the onset of desorpL k€SS COVEr a Sulficiently farge area. latonerensuper-
tion from the surface of 5-ML patches occurring-a245 K. osition of the inelastic contributions has to be considered

At ~270 K atoms from the surface of 4-ML patches desorb,and the relative film mode intensities are proportional to the

exposing again the 3-ML-thick film underneath. AB00 K surface area of these patches. The transfer width of the he-

the 1/5 and 1/4 modes have disappeared, indicating that th“éJm spectrometer used in the experiment is 210 A at a beam

film has now reached a uniform thickness of 3 ML. Above = ¢ 9Y of 12 meV. Measurements of changes in the specular

this temperature the 3-ML patches are being depleted intensity prpfilg for the NDOT) sample, which was used.as a
' substrate, indicate that the average lateral terrace size was

somewhat smaller than 200 &Ref. 23 and it is reasonable
IV. EVALUATION OF THE DATA to assume that patches of a certain thickness are even smaller
in size. Furthermore, in the course of the desorption process

the patches will shrink in size. In this case, however, the

cess f“’”.‘ thg temperature progran"_nmed desorption SIC)eCt(L,%heremsuperposition of the different inelastically scattered
depicted in Fig. 4 turns out to be a difficult task. There are 8yaves must be taken into account

number of effects that make it cumbersome to relate the in- In order to understand the dependence of the film mode

elastic peak intensities to the surface dynamics. intensity on the island size for a coherent superposition it

o e e e 1 gttt T S S ot of o parre, o
patches of different thickness and, at sufficiently high tem- L ML thick, covering an are@y;, and another ondl

. ML thick, covering the remaining substrate ar® . The
peratures, desorptlon_ from the patch su.rfaces.. Both PrOCESSER Ve function¥ of the coherent inelastically scattered he-
determine the evolution of the patch sizes with temperatur

as it is raised linearly with time. The intensities of inelastic']alum can be decomposed into two parts, each one propor-

. ~tional to the respective areas the He atoms had interacted
peaks in the energy transfer spectra, subsequently called film.
mode intensities for short, are related to the total surface area
covered with patches of the respective size. The first problem
one has to deal with is the fact that this relationship itself V=W 1Oyt POy ()
depends on the average patch size that determines whether
the inelastic signal from different patches results fromoa  The first term on the right-hand side carries information on
herent or an incoherentsuperposition of the scattered de the excitation of film modes in the patch thatNs+1 ML
Broglie waves. thick, the second one on the excitation of those in the patch

Another problem arises because the film mode intensitiethat isN ML thick. If the total area is normalized to unity

contain an extra temperature dependence due to the Boék+ Oy, =1, the scattered intensitycan be written as

3, 4, and 5 ML thick. On raising the temperature up<tg60

Gaining quantitative information on the desorption pro-
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|:|WN+1|2(1_@N)2+|xpN|2@§|+(qu+1\pN+qfﬁq;N+l) diffuse elastic scattering is taken into account, will be ap-
plied to the results of the calculations introduced in the fol-
X(1-0y)0y. (3)  lowing subsection.

The last part of the sum contains products of wave functions C. Successive layer-by-layer desorption
¥V|th ddlffferent frequg?hC)éff?ctorst ?Fcathjllsekthey hav; Eeen scfat- In the kinetic model, which is used to provide a quantita-
ered from areas with drtrerent film thickness and have Suly;, description, of the layer-by layer desorption, it is as-

fered different energy gains or losses. Therefore, the freéumed that the film consists of three different patches, one

guency factors in the mixed terms do not cancel out and the'tSeing 5 ML thick and covering a substrate afg a second
time average is zero. Thus, in general, the film mode inten-

sity is proportional to the square of the correspondin areOne 4 ML thick and covering an aréd,, and a 3-ML patch
y 1S prop € sq P 9 €3 an aread ;. As mentioned before, we will restrict our-
for a coherent superposition of the scattered waves.

5 . selves to temperatures above 263 K and assume that in this
In the case tha®y <1 Eq.(2) can be approximated by range interlayer diffusion is completed due to the relatively
small activation energy of only 40 me\/.With the further
I =(1-20\)| V. 1|2+ 02| ¥y|?, (4)  assumption of first-order desorption kinetics and that desorp-
tion occurs in a layer-by-layer mode, one arrives at the fol-
lowing three coupled differential equations that govern the
time evolution of the areas covered by the patches of differ-
&nt thickness and thus of the film mode intensities:

where the intensity of the I+ 1) mode in the He energy

transfer spectra is determined by the first term and that of th
1/N mode by the second. In this formula the influence of
defects on the scattered signal is neglected. de

Equation(4) predicts that if the area of the thinner patch, - ks®s,
Oy, is increased by removing atoms from the thicker layer
into the gas phase, the peak intensity of thd bode will 46
grow in proportion to®Z . At the same time the film mode A —ks®,+ksOs,
signal related to the film that is being depleted decreases dt
linearly in @.
do,
W:_k33+k44, (5)

B. Correcting for other temperature effects
where®, is the area of the respective patchret5, 4, and

If the film mode intensities are to be used to get informa- ! X
tion on the evolution of the surface morphology as the tem—3 ML thickness anfkn,the related desorption rate constant
I&at follows Arrhenius’s law

perature is changed with time, the temperature dependené
of the film mode intensities due to the Bose and Debye- E
Waller factors must be taken into account. The Bose fa€tor, K,= vexp— —_ (6)
which contains just the phonon frequency and the tempera- kgT

ture as parameters, can be calculated for the respective eg

i | - h e ith v denoting the statistical preexponentigl, the activa-
perimental conditions and the data in Fig. 4 can be correcteg,, energy for desorption, arig; the Boltzmann constant. It

easily for its influence. However, corrections of film mode ) 5 1, -ned out to be necessary and even essential to assume
intensities for the Debye-Waller effect require an additionaly, o i gifferent for patches of different thickness in order

effort. It has beer_l previoqsly discovered that the Debye temg, reproduce the experimentally observed time evolution of
perature of alkali-metal films depends strongly on the f|Imthe film mode intensities

. 9 .
thickness.” In a separate experiment the Debye-Waller fac- Figure 5 illustrates how the solutions of the coupled dif-

torg for werl]l anngaleddfilms of ngnginal thickr_lessre]s of 3, 4|'ferential equations compare with the data. For this purpose
and 5 ML have been determined by measuring the speculgf,e 4415 shown in Fig. 4 for temperatures above 263 K have

He atom reflectivity from the film surfaces as a function of been corrected for the Bose and Debye-Waller factors as
temperature. It was found tha_t the Debye temperature €Xgiscyssed above. In this range the temperatlirevas
tracted from the data according to E(5 in Ref. 25 changed linearly with time as

amounts to 157 K for 3-ML-thick, 130 K for 4-ML-thick,

and 123 K for 5-ML-thick films(see also Ref. 19 Using T(t) (K)=263+4.25x 1073 (s). @

these results, the influence of the Debye-Waller effect on the

intensities of the 1/5, 1/4, and 1/3 modes in Fig. 4 can bélhus the desorption rate constants in E4). become func-

divided out. tions of time. After taking this time dependence into account
In general, both corrections should distinctly modify the the coupled differential equations are solved numerically for

shape of the curves plotted in Fig. 4. The restriction to temthe boundary conditions given by the values of the respective

peratures above 226 K mentioned earlier reduces this influexperimental data af=263 K ort=0. In Fig. 5 the cor-

ence and, due to the small range of temperatures involvedected data are plotted such that the temperature scale in Fig.

the combination of both corrections leads to a mere scaling has been converted into a time scale according to(Bq.

of the curves by constant factors of 2.3, 2.2, and 1.3 for théAlso plotted are the calculated film mode intensitlgét)

1/5, 1/4, and 1/3 branches, respectively. The third correctiofin=>5,4,3) versus the time, which are assumed to be given

for temperature-dependent effects, in which the competingpy
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FIG. 5. Comparison of measured and calculated film mode intensities as a function of time for a temperature ramp that is linear in time.
The data shown as symbols are the ones presented in Fig. 4 for temperatures above 263 K that have been corrected for the influence of the
Bose and Debye-Waller factotsee the text They refer o a K film grown on N{001) at a substrate temperature of 98 K. The “nominal”
film thickness amounts to 4 ML. The calculations yield activation energies for desorption that depend on the thickness of the respective
patches contributing to the surface morphology of the film. Theoretical results are shown as solid lines and have been obtained by assuming
first-order desorption kinetics and the set of kinetic parameters given in the text.

(D) =[Ox(t) ][ 1— clyirus(T(E)], (8) temperatures or on the order of the desorption kinetics from

) the peak symmetry. We have assumed, in accordance with
where®(t) are the solutions of E¢3) for n=5, 4, and 3 Ref. 11, the desorption to be of first order because, to our

andc is an adjustable parameter that takes into account thb‘%‘nowledge, there is no work in the literature that suggests
amount of intensity damping due to diffuse elastic scatteringgeviations from monomer desorption of K atoms.

l girruse rEPresents the measured diffuse elastic intensity shown |+ is in the nature of multiparameter fitting problems that
in Fig. 1 in which the temperature scale has been convertegften the “best-fit” parameters are not unique. If no restric-
to a time scale again. Thus the model contains five paramjons are put on the value of the the pre-exponential, a better
eters, the pre-exponential and the activation energiés,  fit to the 1/3 mode data can be achieved, however, at the

(n=3,4,5) from Eq.(4), as well as the number. expense of the quality of the fit to the data for the other
modes. The model described above has been extended by
D. Results of the calculations and discussion introducing additional terms to E¢5) that account for de-

With the assumption that the pre-exponential is deter§°rpti9n from thg border.s of the respectiye patches of differ-
mined by the largest phonon frequency in bulk K, which en't thickness Wlth 'pOSSIb|)./ different actlvat|on.energ|es. In
amounts tov= 2.35 THz? the remaining four parameters spite of thes«_e additional _adjustable parameters it was not pos-
were adjusted to achieve a good fit to the experimental datsible to obtain a better fit to the data, in p_artlcular to that of
As mentioned before, it was essential to assume Ehais the 1/3 mode. Furthermorg, the assumpt!on .of 1/2 prder or
different from E, and Es. The solid line curves shown in second-order desorption kinetics or considering an incoher-

Fig. 5 are solutions of Eq.3) for the set of parametel&; eh‘?t sgperpos.ltll\?n_ Cr)lf melas}lc c(;ontnbt;}tlons dqeshnot |r|npr0\f/e
~885 meV, E,=900 meV, E;=912 meV, andc= this situation: Neither one leads to changes in the values for

1x10~4, which reproduces the shape of the experimenta}he active}tion energies by more than 1% for the fixed pre-
exponential of 2.35 THz.

curves, in particular those for=5 and 4, reasonably well.
The activation energies are in good agreement with the de-
sorption energy evaluated in Ref. 11 for the “multilayer”
desorption peak866 me\} with the assumption ob=10
THz. High-resolution inelastic helium scattering turns out to be

The boundaries within which these adjusted parametera very useful tool in molecular-beam epitaxy. While the elas-
may be varied turn out to be fairly narrow: Neglecting thetic component provides information on the growth mode and
effect of diffuse elastic scatteringc£0) or assumingc  the thickness of the filf,it is shown in this work that the
>1.7x 10" makes it impossible to achieve a satisfactory fitdistribution of different confined vibrational film modes in
for any set of activation energies. The variatiorcdietween  the energy transfer spectra is an identifying characteristic for
1x10 % and 1.% 10 % can be compensated by changes inthe distribution of patches of different local film thickness.
E, of about 1% and irE; of 5%. If one allows for deviations This technique can be used to characterize the morphology
of the fit from the data of- 10% each one of thE, may not  of the film surface. Since these film modes are a phenom-
be changed by more thah1%. enon that is not restricted to alkali-metal filthsijt is appli-

A definite shortcoming of the fitting scheme presentedcable to sufficiently thin films of any substance. Changes in
here as compared to the conventional TDS is that the posthe inelastic peak intensities related to the excitation of the
tions and the shapes of the desorption peaks give no direfitm modes with temperature allow one to monitor the an-
information on the activation energies from the associatediealing process and to explore the conditions under which

V. SUMMARY AND CONCLUSIONS
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annealing results in a film of uniform thickness. temperature-dependent diffuse elastic scattering. In order to
Partial and finally complete desorption of the film can achieve agreement with the data it turns out to be necessary
also be investigated with inelastic helium scattering. The acto introduce activation energies for desorption that depend
tual strength of the technique introduced in this paper lies iron the film thickness. Assuming an attempt frequency
the possibility to simultaneously detect desorption from is-=2.35 THz, equal to the highest phonon frequency in bulk
lands of different thickness and to identify the contributionspotassium, one obtains values for the activation energies for
of desorption from each individual patch by using the chardesorption ofEg=885 meV, E,=900 meV, andE;=912
acteristic information of the respective film mode. In the caseneV. These numbers compare reasonably well with values
of the “soft” potassium metal films it is found from the found in a conventional TDS experiment from potassium

evolution of the film mode intensities that the desorptionfiims of a sufficiently large thicknessE, =866 meV (Ref.
proceeds in a layer-by-layer fashion. 11)].

The scattering process is extremely sensitive to the con-
centration of defects on the surface. In the system studied
here, desorptlon is agcompanled by syrface roughening and ACKNOWLEDGMENTS
thus by an increase in the concentration of defects. There-
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