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Anomalous thermal behavior of the F&€100) surface observed by grazing ion-surface scattering
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We show that scattering of 25-keV Hdons under the condition of planar surface channeling offers a
sensitive technigue to study the thermal behavior of metal surfaces. The angular distributions of scattered
projectiles directly depend on thermal displacements of surface layer atoms and reveal characteristic features
caused by scattering at surface steps. Based on computer simulations we deduce an anomalous increase of the
mean-square displacement normal to the surface for temperatures above about 750 K. An increase in the
density of surface steps can be exclud&0163-1827)00147-1

The thermal behavior of crystal surfaces has been founéhformation on anharmonicities, which are always related to
to comprise phenomena of fundamental interest such as ashanges in interplanar distances due to thermal expahsion.
harmonic vibrations of lattice atoms, structural roughening, The experiments are performed in a UHV chamber at a
or premelting*? The loosely packed110) surfaces of fcc Pressure in the lower 1§ Pa range. A beam of 25-keV Fe
crystals have served as prototype systems to study such pr®1S IS collimated by sets _of horizontal ano_l vertical slits
cesses. Various surface sensitive techniques such as diffral -(')d(t)go oi'zhemt??a a:r? i: d?:gétltrandurcr)]n ?QSEJIL%E)) (21\1/3?;”2? aOf
tion of thermal atoms or x rays have been used to study the ~ =" °

\ 7 " drazing angle®;,~1.5-2.0° along a high-index surface-
anomalous thermal behavior of 10 (Refs. 3—7. Con lattice direction(random incidence(see Fig. 1 Reflected

c[u§|on§ dr.aWF‘ frqm experiments were cpntrad|ctory due toprojec:tiles are recorded by a channeltron detector as a func-
difficulties in discriminating between possible processes CONEon of the polar scattering angleb.. The detector is
.

tributing to thermal disordering. By now there seems to be g, nted on a precision manipulator which is moved in the

consensus on an anomalous increase of the thermal elong@ane of scattering by means of a stepmotor. A 0.5-mm dia-
tions of the Cu surface atoms for temperaturessS0 K. In- phragm in front of the channeltron defines an angular accep-
contrast to C(L10), fewer studies have been reported oNiance of+0.02°. The current density of the incident beam is

anharmgnic_ effe%ts for o'%er crystalll surfacesiz such agnically 50 nA/mn?, resulting in channeltron count rates of
Pb(llO),13N|(100), Ni(110,™ Ag(110,™ Ag(11])," and  apayt 8x 10 52 in the maximum of the angular distribu-
Cu(100.™ These are fcc crystals and the question ariseggp,

whether anharmonic effects are a more general phenomenon T.he preoriented100) Fe single-crystal diskdiameter 9

occurring at surfaces of, e.g., bee crystals as well. _ mm) was carefully aligned and polishe@esidual miscut
Scattering of fast ions or atoms offers a natural and d|rec(tmg|e <15'). In situ preparation of thg100) surface was
tool to study sgrface lattice vibrations. The adva}ntage Oberformed by frequent cycles of grazing Asputtering and
making use of 1on beams ar@) phpnon frequenme; are subsequent annealing at 920 K. It took about two months
orders of magnitude smaller than ion-atom interaction fréy, finaly obtain a clean and well-ordered surface as checked
guencies, i.e., the ions expen('ance'lnstantgneous thermal dlgy Auger electron spectroscopy and low-energy electron
placements of atoms from their lattice positio(®;the scat-  giffraction. Suitable setting of the preparation parameters
tering process can be des_crlbed within the frz_irr_le_of cIasst razing incidence angle, time of sputtering, and annegling
mechanics(3) the penetration dgpth can belm|n|m|zed fo thegnables one to choose the density of steps at the surface.
surface layer by using appropriate scattering geometries. In 1o Fe crystal exactly fits into a bore of a small iron

the past, information on surface-lattice vibrations has thugock which can be resistively heated. This ensures a homo-
been obtained with ions or atoms incident at large anglegeneqys and constant surface temperature. The temperature
with respect to the surface plane by making use of the cony 1 aasured by a thermocouple with low heat capacity,

cept of shadow-con€s.*~° . which is attached to the front of the iron block close to the
In the present paper we propose an alternative method iQyqta| surface. The temperature can be held constant to
study the thermal behavior of surfaces. A beam of 25-keV..7 k. the absolute accuracy is estimated to be better than
He' ions is incident under a grazing angle upon the0) +20 K
surface of bcec Fe. The projectiles are steered by the repulsive
planar surface potential and reflected speculérlgnar sur-
face channeling As will be shown, angular distributions of
reflected projectiles are sensitive on thermal displacement:
of atoms in the surface layer. Furthermore, quantitative anc
independent information on the density of surface steps if=t=—=====—=
obtained. The latter aspect is an important advantage, sinc
thermally generated defects at the surface and enhanced the

slit

mal vibrations are physically related but difficult to separate Fe(100) - target
in experiments. Moreover, our technique solely probes the
topmost surface layer. This avoids difficulties in extracting FIG. 1. Sketch of the experimental setup.
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T - T : - . parallel displacements turned out to be negligible, displace-
! ments perpendicular to the surface strongly broaden the an-
1.0 - ‘ ] gular distribution(see Fig. 2. A closer inspection shows that
this broadening is asymmetric; the maximum slightly shifts
to smaller anglegsubspecular reflectiorand a tail evolves

at large scattering angles. Both features are found in the ex-
perimental data.

However, the simulation does not describe a steplike
structure observed at small scattering angles. We thus incor-
porate surface steps by simulating a random sequence of as-
cending and descending steps with monatomic step height
and geometrically distributed step distances. This almost per-
fectly reproduces the observed angular distributeee Fig.

2). The steplike structure sets in at the edge of the shadow
cast by the targetd,=®;,), and the height of its plateau is
given by the mean distance between steps. It is caused by
scattering of the projectiles atescending steps due to the
sudden weakening of the repulsive planar potential when the
projectile crosses a step edge. In contrast, projectiles hitting
an ascending step are scattered by large angles and do not
contribute to the measured angular distribution. We note that
under our conditions surface steps hardly contribute to the
_ _ ) ) width of the main peak.

FIG. 2. Normalized measurddircles and simulatedlines) po- For the sake of transparency, our simulation completely
lar angular distributions for 25-k(_eV Heprojectiles scattered from neglects electronic processes. Such processes are supposed to
an Fe100 surface. In the experimen;,=1.75° andT=600K.  qitionally broaden the angular distributiée.g., multiple
The simulations were performed fdr,=1.75° and(1) a perfect, g qyaring hy electrons, fluctuations in charge states of the
rigid surface Ia_ttlce(Z) a ge_rfect surface but with thermally elqn— projectiles?l image charge effec%. In fact, they are found
gated atomsT=600 K, T/=227K), and(3) a surface where, in 1, gominate for®d;,<1°, where the projectiles do not ap-

addition to thermal elongations, geometrically distributed ascendin . .
g g y |i)roach the surface atoms closely enough in order to feel their

and descending steps with a mean distance of 500 A and mo h | disol In th hi ibut
atomic step heights are incorporated. In each ca$epidjectiles thermal displacements. In the present case this contribution

were simulated. The dashed vertical line indicates specular refleés small (See Fig. 2 and C&,m be ConSiQ?red by an off-line
tion (d=2®,). convolution. Moreover, in the spirit of the Born-

Oppenheimer approximation, it should not depend on the

Figure 2 shows a typical angular distributi¢sircles for ~ temperature. o
®,,=1.75° andT =600 K. The distribution consists of anar- " conclusion we found that the angular distributions
row, nearly Gaussian peak with its maximum slightly belowMainly result from normal surface lattice vibrations and sur-
the angle for specular reflectiob(=2®,,) and a steplike face steps. These two effects do not interfere and give rise to
structure at smaller scattering angles. In order to describe tH8€ Proadening of the peak and the steplike structure, respec-

observed angular distributions we performed Monte Carldively- Thermal roughening and anharmonic effects can thus

computer simulations using the sequential binary collisiorP€ discriminated unambiguously. .
model”!8 The pairwise interactions are described by the Measured angular distributions for a constdn{=1.85
Thomas-Fermi-Moliee potential with a screening length as @€ shown in Fig. Jcircles as a function of the surface
proposed by O’Connor and BiersatkWe first simulated a  temperature. As anticipated the distributions grow broader
perfect and rigid semi-infinite F&00) crystal, i.e., neither ~With increasing temperature. At=473 K the observed dis-
thermal elongations nor defects are included. The anguldfibution is well reproduced by the simulatigsolid line) for
distribution of scattered projectiles shows an almast & Stepped surfac(smesan step ggstance 400 And a surface
shaped peak ab,=2®,,, i.e., all projectiles are specularly Debye temperaturg? =227 K= The small residual devia-

reflected as expected from the concept of planar surfackon in width is ascribed to electronic processes and amounts
channeling. to the same value as in Fig. 2. Yet the deviation gets larger

We then took into account thermal vibrations using theWith increasing temperature; above 800 K, the observed dis-
harmonic model, i.e., by a Gaussian probability density funciributions are significantly broader than the simulated curves.
tion of the lattice atom&® The mean square displacementsSince all simulations are performed with the same surface
<Ui> and (uf) perpendicular and parallel to the surface Debye temperature, this means that the thermal displace-
plane, respectively, are calculated from surface Debye tenjnents at the highest temperatures are larger than expected

eraturesTS and TS usina the relation from the harmonic approximation.
P L I g In contrast to the width of the distribution, the observed

(uf H>=3ﬁ2T/M k(Tf ”)2, (1) h_eight _of the steplike structure is well reprodL_Jced by the
‘ ’ simulation for all temperatures. Hence the density of surface
where M is the mass of the Fe lattice atom and the othersteps does not change. In particular, a proliferation of steps
symbols have their usual meanings. Whereas the influence of roughening transition can be excluded.

0.8 rigid lattice

thermal vibrations 9

04

Normalized Intensity

i thermal vibrations
and steps
02

2 3
Scattering Angle (deg)

0.0




14 950 BRIEF REPORTS 56

1 ® experiment
11+ O harmonic vibrations i
O anharmonic vibrations +—#
+f
> 10} #+ i
z .
50 2 ﬁ -
i< ) 4)
- 09 | .
3 z 4 b4
N = 1 ]
S T8 +
g 0 08 - (1) +¢ i
z ¢ ¢ ]
Yoy
0 0.7 4) —
300 400 500 600 700 800 900
0

2 | 3 B 4 | 5 6 Temperature (K)

Scattering Angle (deg) FIG. 4. FWHM of measuredsolid circles and simulatedopen

symbolg angular distributions®;,=1.85°, mean distance between
surface steps 400 A. Open circles are the results with thermal dis-
placements from the harmonic model; open squares are best-fit data
for anharmonic vibrations.

FIG. 3. Normalized measurddircles and simulatedlines) po-
lar angular distributions at different temperaturds,=1.85°. The
simulations were performed for a stepped surfaoean step dis-
tance 400 A and a surface Debye temperatLTr%-: 227 K (solid
lines). The dashed vertical line indicates specular reflection. ) o
first-order or second-ordefthrough adatoms originating
. . . , from step edgesinfluence. As to thermally generated

In '.:'g' 4 the f.u" V‘."dths of half_ maximunfFWHM's) of adatom-vacancy pairs, our data are less conclusive. Though
experimental(solid circles and simulatedlopen symbols . ) o

O ) the effect of an adatom on the projectilesajectories is
angular distributions are plotted as a function of temperature.. . ;
The harmonic approximatiofopen circle holds for surface Similar to an ascending step and leads to large-angle scatter-

bp P ing, vacancies or defect cluster configurations may contrib-
temperatures up to 700 K. At larger temperatures the experi-
mental FWHM’s rise much faster than the simulated data.

This deviation is interpreted by anharmonic vibrations, i.e., . , — ‘

with increasing temperature surface atoms experience the an 1000 I |
harmonic parts of the effective one-particle potentials. In or-

der to quantify this anharmonicity we adopt in our simulation } ]
a quasiharmonic approach, where the actual probability den- 800

sity function is approximated by a Gaussian function with a
mean-square displacement calculated from a Debye temperz g
ture that is allowed to be temperature dependent. A fit to the ~
experimental data yield§°=215K at 700 K, 200 K at 750
K, 180 K at 800 K, 170 K at 850 K, and 160 K at 900(Kig. 3
4, open squargsThe corresponding mean square displace-
ments(u?) are calculated from Ed1) and compared in Fig.
5 (solid circleg with a linear increase as expected from the
harmonic model(solid line).

Molecular-dynamics computer simulations on(CL0) re- 0 L— . ‘
vealed a close relationship between an enhanced anharmc 300 400 500 600 700 800 900
nicity and defects at the surfacdsteps, adatoms, Temperature (K)
vacancies®* We therefore repeated the measurements for
surfaces with largely different step densities as inferred from F|G. 5. Mean-square displacement normal to the surface of an
the plateau of the steplike structure in the angular distribuFe100 surface atom as a function of temperature as obtained by a
tion. No dependence of the anharmonicity on the mean stefit to the experimental data. The solid line represents the linear
distance could be observed, i.e., there is no indication of @ependence as expected from the harmonic model.
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ute to a broadening of the angular distributions. We thuof classical mechanics. This enables one to deduce thermal
cannot exclude that adatom-vacancy generation driven bglisplacements of topmost surface layer atoms and the density
enhanced vibrations occur. In contrast, adatom proliferationf steps.

of segregated impuritié%can be excluded, because experi- By scattering of 25-keV Heions at the(100) surface of
mental results were completely reproducible even after propcc Fe, we find evidence for anharmonic vibrations of the
longed heating of the target. _ ~ surface lattice atoms for temperaturgs-750 K. An in-

In summary, we showed that scattering of fast ions in the.rease in the step density can be ruled out in the temperature
regime of planar surface channeling offers a direct and senange studied. Our results indicate that anharmonic effects
sitive technique to study the thermal behavior of the topmoshye 5 general phenomenon not restricted to surfaces of a few
layer of crystal surfaces. For suitably chosen incidencgec crystals. The anharmonicity develops at roughly half of

angles, the angular distribution of reflected projectiles deye melting temperature of Fe, in accordance with the appar-
pends in a characteristic manner on thermal vibrations norgp¢ universality found for the fcc surfaces studted.

mal to the surface and reveals features caused by scattering
at surface step edges. The angular distributions can be de- This work was supported by the Deutsche Forschungsge-
scribed by simple Monte Carlo simulations within the framemeinschaft(Sonderforschungsbereich 290
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