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Catastrophe theory and resonance line shapes in atom-surface scattering
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The measured high-resolution energy profile of a selective adsorption resonance in the scattering of He
atoms from NaQDO01) is found to exhibit a mixed-extrema structure reminiscent of a Fano-type function. An
analysis of the topological properties of the resonance line shape as a function of the surface temperature
reveals a behavior which is isomorphic to the simplest elementary catastroptieldtivatastrophe As the
crystal temperature approaches the surface Debye tempe&tuoé NaCl the resonance profile undergoes a
transition in its topology according to the behavior of the fold catastrophe. The analysis is sufficiently general
in order to be extended to any resonant scattering event displaying Fano-type profiles.
[S0163-182609)00633-5

I. INTRODUCTION incident-beam energy exhibits a mixed-extrema structure
(Fano-type function First, it will be shown that the math-

Selective adsorptiofiSA) resonances, first discovered in ematical formulation of the measured line shape in terms of
the 1930s, and their line shapes are still perhaps one of thdhe S matrix is isomorphic to the canonical form of the sim-
most intriguing phenomena in atom-surface scattering. Sewlest catastrophe, tifeld catastrophe. Then, the evolution of
eral rules governing the intensity features of these resonancéie line shape under variation of the surface temperature will
have been reported in the literatré. The shortcoming of be analyzed. As a result, the CT will be shown to be able to
these rules is that they usually require a rather detaile@lescribe all the different topologies of the resonance line
knowledge of the projectile-surface interaction potential andshape observed for a wide range of surface temperatures as
since, in most cases, the potentials are not available, the apell as to characterize the background and resonance contri-
plicability of these rules is often very difficult and thus lim- butions to the resonance profile.
ited to only a few systems. However, the different observed The analysis is sufficiently general in order to be extended
resonance peak line shapes or, expressed in mathematié@l @ny resonant scattering event displaying Fano-type pro-
terms, their different topologies, can be understood by diles.
close examination of the individual scattering contributidns.

In the present _vvork another thepretical and more gengral Il. EXPERIMENTAL
approach is considered for analyzing SA resonance profiles,
based on the catastroplfer singularity theory (CT) intro- The experimental apparatus has been described in detall

duced originally by Thofhand later widely developed by elsewheré! A nearly monoenergeti¢He atom beantfull
Zeemar'. The CT allows a complete description of a systemwidth at half maximumAv/v~1%; AE/E~2%) is gener-
without detailed mathematical treatment of each underlyingated by continuous expansion of pufele gas through a
phenomenon. Taking advantage of its generality it can b&ozzle of 10um in diameter from a stagnation pressure of
applied to many problems in various fields of science, suctabout 30 bars. Nozzle temperatures between 40 and 150 K
as physics and physical chemistry, biology, but also psycholeorresponding to incident-beam energies between 8.6 and
ogy or social sciences. Of relevance to this work are the82.0 meV were achieved by resistive heating against the
description of light scattering from surfaéeand ofcaustics ~ cooling of a refrigerator cryostat. The experimental apparatus
and other scattering singularities, of rainbow scattériflgs  has a fixed angle geometry in whigh+ 6;=90.1°, with 6,
well as the description of phase transitidn§he CT pro- and ¢; being incident and final scattering angles, respec-
vides a comprehensive description of thehavior of the tively. After scattering from the crystal surface the He atoms
chosen system under variation of external parameters, whiclre detected by a magnetic mass spectrometer, operating in
is particularly obvious in its applications to phase transitionsthe ion counting mode. The sample is prepared by cleaving a
e.g., the topology of the Van der Waals equation, which9x 9x 7-mn? NaCl single crystain situ at 90 K. The reso-
determines the external conditions under which the systemance line shapes were observed in the measured specular
adopts a certain state. intensity as a function of the incident-beam enekgyat the

In this work an application to a particular SA resonancefixed incident angle for specular reflectiom; € 45.05°).
line shape will be tested. The chosen SA resonance for Hehis was achieved using the techniquedsift spectrg in
atoms scattered from the Ng@01) surface involves the which the incident-beam energy is scanned by increasing or
reciprocal-lattice vecto6=1.58 A~! and the bound state decreasing the nozzle temperature. In the measurements re-
with binding energye,= —1.5 meV. The dependence on the ported here, the nozzle temperature was continuously in-

0163-1829/99/6(®)/65296)/$15.00 PRB 60 6529 ©1999 The American Physical Society



6530 A. L. GLEBOV et al. PRB 60

creased at a heating rate of 1.3 K/min and the accuracy of
relative temperature measurement wa®6.05 K. The con-
version of nozzle temperature into incident-beam energy was
calibrated by measuring the elastic time of fligfiOF) at
several nozzle temperatures in the relevant temperature
range, the estimated absolute uncertainty in incident energy
is less than 2%, but the reproducibility from one spectrum to
the next was much better.

1 2
2 atom steps
...,.l...l.

Ts=|110K-
|
|
|

M (a)

25 30

Intensity I [10° counts/s]

Ill. EXPERIMENTAL RESULTS
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Figure Xa) shows a representative drift spectrum from the
NaCl(001) surface measured along tHELQ] crystallographic :
direction at a surface temperatureTaf=110 K in the range : T, K] =
of incident energie€;=8.8—-32 meV. A superposition of :

three major contributions determines the shape of the spec- = 86
trum in Fig. 1a): 110
(i) An overall exponential Debye-Waller attenuation of «—125
the specular intensity with increasirtgy due to enhanced
inelastic multiphonon scattering. The decrease of the scat- = 600 153
tered specular signalis then given by o r e
c
I=1y-e 2%, (1) § 180
(]
where the Debye-Waller factoV can be written &< 2
: 400 223
24[E;-co6;+D]m -
ow=" T, ?) & 248
05-Kg- u " -—304
=
whereE; is the incident-beam energy; the incident angle 2 200
H 7]
with respect to the surface normdl, the surface tempera- e
ture, D the well depth of the laterally averaged He-surface f’é
interaction potentialkg the Boltzmann constant, the sur- =
face Debye temperature, andand u are the masses of the
scattering particle and the atoms of the surface unit cell,
respectively. 0 (b)
(i) For a randomly stepped surface, additional intensity I’ AR R -

oscillations withE; are brought about by changes in the in- 9.0 9.5 10.0
terference conditions for scattering from adjacent terraces of
different heights. The energy spacing of these oscillations

allows the determination of the step heights. For mono- and FiG. 1. (a) The specular peak intensity as a function of incident
diatomic steps on Na@O0l), the distance between two energyE; (drift spectrum measured at the Na@O1[110] surface
maxima in the drift spectrum is about 1.58 and 0.79°A  for E;=9-32 meV at a surface temperature T=110 K. Full
respectively. The calculated position of these maxima aréines indicate the calculated positions of interference maxima due to
indicated by vertical lines in Fig.(&), those which are due to mono- and diatomic atomic steps, whereas both dashed and full
monoatomic steps by full lines, maxima resulting from di- lines indicate the calculated positions of maxima due to diatomic
atomic steps by both dashed and full. Therefore in the energsteps.(b) A series of drift spectra in the range of incident energies
range shown in Fig. (), two maxima could be expected due E;j=8.8—10.2 meV for eight different surface temperatures be-
to monoatomic steps and four maxima due to diatomic stepgweenTs=86 and 304 K. Only the intensity scale is shown for the
The amplitudes of these oscillations depend on the step deflift spectrum forT,=86 K, the other spectra are plotted to the
sity on the surfacé’ same scale but shifted for clarity. The resonance observed is due to
(i) The rather large corrugation of the He-N&ml)  the coupling to the reciprocal-lattice vectsr=(1,0) A~1andthe
potential* leads to intense diffraction peaks comparable inHe-NaClbound state,=—1.5 meV.
Intensity to the_ sp_ecular signéé.g., see Ref' 24 which . SA resonance assigned toth bound state of the He-surface
depend on the incident-beam energy. Specially, the opening. - tion potential is given by
up of new diffraction channels with increasing beam energy
leads to irregular dips in the intensity as observed in Fig. #2
C |l =En=Ei—5-[(Ki+ND*=Nf]l, (3
The selective adsorption resonances, of the type investi-
gated in this work, are on a much smaller scale than all of thevhere Ey, is the z component of the kinetic energy of the
modulations mentioned above. The kinematic condition for ancoming particlesK; the parallel incident wave vector, and

Incident Energy E; [meV]
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N=(N;,N,) the reciprocal-lattice vector involved in the :|So,g0|2- A resonantscattering process is described by the
resonance process, with and_NL being the parallel and. matrix elementBy, so that its square mOdullego|2=02,
perpendicular components with respect to the scatteringives the probabilities of enteringP(,) and leaving P,

plane, respectively, measured in units@£1.58 A1, the bound state according’to
From Eq.(3) the weak feature with a Fano-type line shape
(mixed-extrema, showing both minimum and maximuwhb- 0?=4-Poyy Pin. 6)

served atE;~9.5 meV can be assigned to a SA resonance ) ) ]
involving the e,=—1.5 meV bound state of the  This square modulus determines the profile of the reso-

“He-NaCl(001) interaction potentidland a coupling to the Nance feature. In general, both probabilits, andP;, are
reciprocal-lattice vectoN=(1,0). To investigate this reso- €dual except when time-invariance no longer hdfdac-

nance in greater detail drift spectra were measured in thgording to the generally accepted independence hypoﬂ'?esis,
range of incident energiel; = 8.8—10.2 meV near the reso- these two probabilitie®,, andP;, can be treated indepen-

= . dently. For convenience, a reduced energy variaplghich
nance position &;=9.5 meV for different surface tempera- —

turesT, between 86 and 304 K. Due to the thermal expan4S @ function of the resonance positiéh and widthT'y,, is
sion of the crystal the absolute value of the reciprocal—latticémmd“ced%
vectorG=1.58 A~ varies by about 1% in this temperature —
range and according to E¢) will lead to a small shift of x=(2/Tn)-(En,— €0)=(2/yng)-(Ei—Ej),  (6)
the resonance position of about 3%The drift spectra mea-
sured afT ;<180 K in Fig. 1b) show a resonance line shape
characteristic of a Fano-type profile with a maximumEat
=9.4 meV and a minimum &E;=9.75 meV. As discussed the resonance positids;, andx= =1 define the borders of
below, the topology of this profile changes witgaccording e resonance regidgit v, &2, respectively.
to the rules given by the CT. i
Fano-type profiles arise from particuleaterferencecon-
ditions between the resonance and background scatterin
contributions, which are mainly due to the short-range attrac-
tive and long-range components of the laterally average in-

where the width of the resonantg is related to the param-
eter yn g, througth:yn,Ei~(0ENZ/aEi). Thusx=0 gives

In order to analyze the measured resonance profiles, the
perimental data are fitted by an analytical functifx)
hich describes the total probabiliB; defined by Eq(4) as

o2+ 2p(cos¢p—xsing)

teraction potential, respectively. The profiles at higher tem- F(X)=a+ Bx+ , 7)
peratures show a gradual washing out of the resonance while x2+1

it is hardly visible atTs=304 K. As seen from Fig. (b), _ 5 9 5 5
with increasing surface temperature, the maximum and mini¥here  Pp=Sygol*=a+BXx,  o°=|Bg|*, and p

mum of the resonance profile become less pronounced and, BgO'S;,go|2_ and. henceb,=p cos¢ and bj=psin¢ are
finally, form aplateauat a surface temperature of248 K.  the real and imaginary parts of the prodiyo- S5 40, re-

At a higher temperature of 304 K, this plateau is no longespectively. In obtaining Eq(7) the assumption is made that
observed, and the specular signal is only slightly modulatedhe background contribution to the resonance profile is a
around the resonance position. Surprisingly the critical temsmooth function ofx. In particular, the square modulus of
peratureT.=248 K, where the resonance profile topology Bgo- S5 0 is related to the scattering probabilities by the fol-
changes from the maximum-minimum shape to a plateau, iPwing expression:

nearly equal to the surface Debye temperature of NaCl de- 12 o

termined previously to b® =250 K18 |Bgo* Sp,g0l“=p*=4-Poyt Pin* Py (8

Hereafter, the analytical functidf(x) defined by Eq(7)
is used for the topological analysis of SA resonance profiles

In this section, first, a theoretical interpretation of theby means of the CT.
changes of the resonance profile topology as a functidi of Since SA resonances in drift spectra occur at critical
is provided using the multichannel resonant scattering?0ints X, of F(x), determined by the energy of the bound
theory?® Then, the connection to the CT formalism will be state and the corresponding reciprocal-lattice vector, these
addressed and in the following section a more detailed analyeoints are calculated first. They can be obtained from the
sis in terms of CT will be carried out. conditionF’(Xxq) =0, whereF ' (x) stands for the first deriva-

In scattering theory, the total probabiliB; of the transi- tive of the functionF(x) with respect tox. The type of these
tion from the specular channel 0 to a final diffraction channelcritical points is determined by the values of the derivatives
g via a SA resonance, is givehy the square modulus of the of higher orders. IF"(x,) =0, the critical pointx, is called

IV. THEORY

matrix elements of the collision matri& a twofold degenerater nonisolated critical point, while for
F"(xq) #0 it is callednondegeneratend isolated. The ap-

) . Bgo 2 pearance of degenerate critical points in a resonance profile

Pt:|390| =|Sp.gotl x+il 4 when varying some external parameter, such as the substrate

temperature, is expected to result in a change in the topology
whereS, 4 is the collision backgroun® matrix, which in-  of the resonance profile.

cludes all elastic and inelastic contributions except for those A close examination of the conditions for the critical
from the SA resonance. Its square modulus gives the prolpoint gives the first connection to the CT formalism. The
ability of the direct, i.e., nonresonant scattering P,  background contributiohP,= a+ 8x in Eq. (7)], taken as a
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very slowly changing perturbation near the resonance region, TABLE I. Surface temperatur€,, energetic positioE; and the
affects differently the line shapes of the resonances for iSoparametersy, 8, A= o2+ 2p cos¢, andB=2p sin ¢ from the fit-
lated and nonisolated critical points. If the linear terms in Eq ting procedure according to E¢f). The width n,g, Was held fixed

(7) are equal to zero=0 and sing=0), thenx=0 will  at ng,=0.3 meV. The last column gives the Debye-Waller expo-
never be a twofold degenerate critical point. At these condinent 2w, which is the average number of participating phonons at
tions the resonance feature will be reduced to a symmetrithe present scattering conditions. The drift spectraat110 and
Lorentzian function and will showi) a maximumwhenever 304 K (*) were measured in different runs of the experiment, thus
Pp<Pout Pin @and(ii) a minimumwheneverP,> P, Pi,.  the total intensities are not comparable to the others. A rough ex-
These resonance profiles are structurally stable from a toparapolation of the Debye-Waller behavior effor Ts=304 K would
logical point of view. In the case when only sir=0, the  resultin a value otx~ 130 kHz, if this drift spectrum was taken in
resulting resonance profiles are asymmetric but still have eithe same series as most of the others.

ther a maximum or a minimum defined by the same condi —
tions. When both linear terms differ from zero, the resonancds [K] g, [mev] a [kHz] B [kHz] A[kHz] B[kHz] 2W
profiles are given by asymmetric Fano-type mixed-extrema
structures. For this case, the resonance positist® is a 9.60 601.86 975 —1126 7522 0.38
twofold degenerate critical point when the following condi- 110 9.58 440.16 2.77 1411 4041 049
tions are met(i) If F'(0)=0 thenB=2p sin¢, that is, the 125 9.52 443.29 0.54 1061 2889 0.55
linear terms are equdbkee Eq.(7)]. (i) If F”(0)=0 then 153 954 39238 1031 -3.86 3528 0.68

cos¢p=—(c?2p) which implies that alwaysP,> P, Pin 180 9.57 332.09 15.62 —10.14 2259 0.80
and the numerator of Eq(7) vanishes;(iii) Finally, if 223 9.52 24434 17.05 -570 1571 0.99
F"”(0)#0 then sinp+0. These, in fact, are the threeces- 248 9.45 183.51 844 -005 830 110

sary conditions for thefold catastrophé®?*Moreover, itcan ~ 304*  9.32  557.02 34.34 -848 1208 133
be shown that thé(x) function is also isomorphic to the
fold catastrophe and, therefore, théx) function is identical o N ] ]
to a canonical functioff (z) of the CT (i.e., a simple poly- by CT, exhibits a critical point which appears at about
nomial of third degreg? Thus these two functions present IS=248 K. The experimentally obtained resonance positions
exactly the same topological properties and can be used 6 and the four fitting parameters, 8, A= o2+ 2p coS¢,
describe exactly the same physical phenomenon. andB=2p sin¢ were determined for each drift spectrum of
From CT, it is knowA®?!that the fold catastrophe has the Fig. 1(b). Table | gives these parameters for each fit. Simce
following topological properties: its bifurcation set is a andg are fitting parameters, the background contribution is
single pointfa=0 in the equation folF(z) in Ref. 22 at  fitted for each drift spectrum independently taking into ac-
which a change in the resonance topology occurs. As showgount the fact that the absolute total intensity may differ
in Fig. 1(b), in the present experiments a change of the SArom run to run of the experiment. This can be seen from
resonance topology from a maximum-minimum to a plateaurable | for the drift spectrum at 304 K, which was measured
is observed afs=248 K, giving the critical temperature of in a different run than the others and which shows larger
T.=248 K, and therefore the point=0 (the resonance po- total intensity. Overall, the background should follow a
sition) can be assigned to a twofold degenerate point. AfteDebye-Waller attenuation, so continuing the series of drift
transformingF(x) to an equivalent functiof (z) with a new  spectra between 86 and 248 K, fby=304 K a can roughly
parametei as described in a footndteit follows from the  be extrapolated to be 130 kHz. This is only mentioned for
CT that for negative values dd, F(z) and consequently clarity and does not enter the fit, since, as mentioned above,
F(x), have two critical point§a maximum and minimui  the background is fitted for each curve independently. More
while for positivea values, no critical point is found iR (z) important is the behavior of the fit parameters with respect to
andF(x). It can be shown that faa=0 the relation among each other. The bifurcation set condition E®). implies that
the independent parameters of Eg). is given by at the critical poin{3=B andA= 0, which is nearly satisfied
at T,=248 K. For all of the fits a relative error of less than
o2+ 2pcosd=(BI3/3)- (6+8)- V1- 3, (99 R=5x10 2 was estimated according to the equation

with 6=2p sin¢/B=<1, which is called thebifurcation set 1 ‘/(|exp_|m)?
condition For additional mathematical details see Ref. 22. R= N_E - (10
p exp
V. APPLICATION OF THE CT THEORY wherel¢,,andl;; are the measured and fitted intensities and
TO THE EXPERIMENTAL DATA N, is the number of points. As an illustration, in Fig. 2, the

) ) experimental datéilled circles and the fitting profilegsolid
In order to apply the CT analysis to the experimental datajines) are plotted forT,=86, 125, 180, 248, and 304 K, the

the resonance profiles shown in FigblLhave been fitted packground contribution + Bx is represented by the dashed
with the functionF(x) from Eq. (7). To do this, the energy [ines.

scale was converted to the reduced variabkccording to It follows from the CT and it is seen in the data that the
Eg. (6). The width of the resonant peak was extracted fromchange in line shape is accounted for by a critical point.
the spectra measured at lower surface temperature and fixeghwever, since CT describes the behavior of a system by
at v, g, =0.3 meV. Equatior(7) is shown to be able to de- comparing it to certain patterns, the canonical forms, the
scribe the different observed line shapes, which, as predicteghalysis in terms of the CT is not sufficient to give an inter-
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Fr g T T ] of two-phonon and multiphonon processes in inelastic scat-
620 ¢ E tering are expected to be very small2clearly below 2.
r ] This justifies our assumption that the elastic and inelastic
600 E background contributions are smooth functions Egf and
C ] therefore are small perturbations to the resonant line shapes.
580 2 3 Since the resonance profile studied has a Fano-type shape, an
C ] increase of the surface temperature leads to meet the bifur-
560 PR S A - cation condition given by Eq@) and the interference be-
F ] tween the resonant and background contributions causes a
460 E transition in the resonance profile topology. Since CT can no
450 E 3 longer be applied when the linear background contribution
: ] with x disappears, obviously the corresponding critical tem-
440 | 3 perature should not be much higher than the surface Debye
s 3 temperature since otherwise the background would no longer
o 0F ‘ E be a smooth function of the incident enerfgy.
8 SRR /. " In order to have confidence in the above analysis it is
S C o necessary to understand the temperature dependence of the
8 340 g resonance profile. The elastic background contribution de-
> creases exponentially withy according to Eq(1) and thus
= 330 . the contributiona+ Bx in Eq. (7) is expected to follow an
2 C ] exponential behavior. The parameterinvolving the “in”
@2 320 | / - and “out” resonant probabilities, depends only weakly on
2 IS, (PR S the temperature since these probabilities are ratios between a
= C ] partial width (resonance decay by an open diffraction chan-
190 . nel) and the total width(resonance decay by all the open
diffraction channelg of the resonance. For elastic SA reso-
180 E h nances, these values are only weakly dependent on the sur-
C ] face temperature as well. In contrast, the parameteex-
170 - 3 pressed in terms of the background probabildge Eq(8)],
E ] follows the thermal DW attenuation and should be the major
o e contribution to theT, dependence of the numerator in Eq.
600 |- . (7). In other words, thecosineand sine functions of ¢ are
r N not expected to be very sensitive to the surface temperature.
560 L h Thus the change of the resonance profile cannot be an artifact
r ] resulting from the overall thermal DW attenuation and there-
r ] fore it must be due to thbkifurcation conditiongiven by Eq.
520 |- ] (9.
=SS SR B A A As mentioned above, the CT cannot explain the physical
-2 -1 0 1 2 origin behind the transition in the topology, but an analysis

in terms of CT reveals the parameters for the critical point.
At this stage, it would be desirable to have more experiments
FIG. 2. Examples of the fit of the experimental line shapesin order to confirm the connection with the Debye tempera-
(dots by theF(x) function (solid line) defined by Eq(7) with the  ture for other systems. Recently, in the scattering ofiom
variablex given by Eq.(6). The dashed lines show the linear back- Cu(001) along the[100] directiorf* a topological transition
ground terma + Bx. At the surface temperaturds=_86, 125, and has also been observed in the so-called resonance “critical”
180 K two critical points are visible, while 8=248 K only one is  profile atT,= 300 K. This singular profile can been shown to
visible. At T,=304 K no critical points are observed. be isomorph to the “cusp” catastrophe and the Debye tem-
perature for this surface has been estimated from He-atom
pretation of the microscopic phenomena which bring abouscattering measurements to be (272D) K,?® which is very
this critical behavior. As will be discussed below, this close to the critical temperatufie,=300 K. Finally we feel
change in topology cannot be due to a simple overall Debyethat these two examples indicate that the close correspon-
Waller attenuation. Moreover, it is remarkable that the criti-dence betweeii; and®, probably is not a coincidence but
cal temperaturél. is very close to the Debye temperature a result of some underlying physical mechanism.
®p=250 K of the surface. The value of the Debye-Waller
exponent 2V can be interpreted as an average number of
phonons exchanged in the atom-surface collision process.
The Debye-WalleDW) exponents for the present experi-  Catastrophe theory has been successfully applied to ana-
mental conditions at each surface temperature are also listégze the SA resonance profiles displaying Fano-type line
in Table I. Thus in the case when\2<1, single phonon shapes. The theoretical justification of this analysis was pre-
processes are dominant. At the incident-beam energies ams@énted along with the experimental investigations of the
surface temperatures used in the present work, contributiongesonance line-shape topologies for He-atom scattering from

Reduced Energy Variable x

VI. CONCLUSIONS
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the NaC(00]) surface. It was shown that upon the change ofprofile analysis using the CT could be extended to any scat-
some external parameters, such as the surface temperatutering event (gas-phase scattering, light scattering, )etc.
the resonance profiles can undergdopological transition ~ where Fano-type line shapes are observed. The present the-
which is isomorphic to the fold catastrophe. Moreover, it wasoretical analysis of the resonance profiles has been suffi-
found that for He-NaCl surface scattering the catastrophe iciently general in order to emphasize its possible implemen-
the resonance profile topology occurs close to the transitiotation to any resonant scattering event.
from a single to multiphonon scattering.
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