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Thermal behavior of the Cu(110) surface studied by reflection anisotropy spectroscopy
and scanning tunneling microscopy
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The temperature dependence of the reflection anisotii@py of the Cu110) surface has been investigated
over the temperature range 180 to 1060 K. The thermal behavior of the peak observed in RA spectra at 2.1 eV,
known to arise predominantly from transitions between surface stavessamonitored and correlated with the
temperature dependent behavior of the occupied surface state. We correlate RA spectra with scanning tunnel-
ing microscopy data to observe the roughening transition inducedl@00 K which is found to generate a
high density of monoatomic steps and results in the irreversible loss of the 2.1 eV RA feature and an enhance-
ment in the response around 4 eV. RA spectroscopy is shown to be a sensitive in-situ probe of thermal induced
surface disorder.
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[. INTRODUCTION surface structure has interesting implications for optical
The thermal behavior of the €110 surface has received probes of surfaces and forms the basis of this work.
considerable interest both  experimentiify and Reflection anisotropy spectroscogiRAS) is an optical

theoretically®~*! The current understanding of the behavior probe of anisotropy in the surface electronic structure of cu-
of the surface as a function of temperature is summarized d¥iC crystals. RAS probes as a function of energy the optical
follows. For increasing temperatures up to 550 K, surfacéesponse of a surface with linearly polarized light by mea-
order decreases in a harmonic Debye-Waller fashion. In théUring the difference in normal incidence reflection of two
region 550 to 900 K, x-rdyand He(Refs. 2 and Bscattering perpend|cular d|rect|9nsA(r)'normaI|z.ed to t'he mean reflec-
experiments have observed a strongly enhanced mean squd@ (). The reflection anisotropy is defined in terms of
displacement of surface atoms with no increase in step dromplex Fresnel reflection amplitudes

defect density, a result that agrees with theoretical studies.

These results have lead to the conclusion that anharmonic Ar 2(r170;— oo1)
vibrations of surface atoms are responsible for the increase T (1)
of disorder in this temperature regime. Structural changes at F[110]F 'foo1]

the surface occur only at temperatures above 90@REfs.
3,7,8 attributed to the creation of adatom-vacancy pairs. A The Cy110 surface has featured in a number of RAS
roughening transition is believed to occur B§~1000 K  studies and significant progress has been made in the inter-
(Refs. 6,10—-1pcharacterized by the proliferation of mono- pretation of the C(110) RA spectrum. It has been estab-
atomic steps across the surface. lished that the dominant contribution to the peak in the RA
In addition to this characterization of the structural behav-spectrum at 2.1 eV originates from transitions between sur-
ior, some details of the temperature-dependent electronic besce states ay 18204 secondary contribution to this feature
havior at the surface are also known. At thiepoint of the  may arise from bulk electronic states that are modified by the
Cu(110 surface Brillouin zoneg(SB2) an occupied and an surfacé® or from local-field effects at the surfaéeWe ap-
unoccupied surface state exist in the bulk band gap aroungly RAS to the study of the temperature dependence of the
the Fermi energy Eg). At room temperature the occupied 2.1 eV RA feature in order to probe the contribution of the
surface state is located0.4 eV belowEr (Ref. 13 and the  gyrface states at to this transition and to elucidate the con-

unoccupied state exists at2 eV aboveEr.**"'® These tripution to the RA profile from the surface local-field effect
crystal-induced surface states have surface-localized wavg| Fg).

T » . N .
functions®!” and are therefore expected to be sensitive to The electronic structure of a surface is intimately linked

thermal vibrations occurring in the outermost layer. The thertq its atomic arrangement, for example, defects such as steps
mal behavior of these surface statesyahas been investi- are known to cause perturbations in surface electronic
gated by photoemissidhand inverse photoemissidhThe  structure?>~26 By combining RAS and scanning tunneling
energy of the occupied surface state is temperature depemicroscopy(STM) we are able to relate temperature-induced
dent, following a linear relationship over the range 140 tochanges in the RA spectra of (0 to differences in sur-
630 K12 The unoccupied surface state energy was found téace electronic states arising from changes in surface mor-
be insensitive to temperature variations to within the resoluphology. RAS has been used to study a range of metal sur-
tion limits of the experiment, although the intensity of the face phenomena such as reconstruction and molecular
peak observed in isochromat spectra associated with thisdsorption:®=2°Here we make the first use of RAS asian
state became attenuated with increasing temper&tufee  situ probe of thermal induced surface disorder at a metal
temperature dependence of both the electronic and geometarface up to and including the roughening transition.
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Il. EXPERIMENT

The experiments were carried out in an ultrahigh vacuum _
(UHV) environment with a base pressure in the Tombar 1
region. The mechanically polished @10 single crystal
was aligned using Laue x-ray diffraction ta¢0.5° before
introduction into the vacuum chamber. A clean(CL0) sur- )
face was prepared by cycles of Ar ion bombardmé&ia _
wAlcm?, 0.5 kV, 300 K and subsequent annealing to 850 K. ]
Surface order was confirmed by a sharpx(ll) low-energy ]

electron diffraction (LEED) pattern and cleanliness was k\/\ d
monitored using x-ray photoelectron spectroscdpps). i

The specimen was annealed by resistive heating and cooled |

using liquid nitrogen. To allow sample transfer between the ]

various experimental probes, the temperature was initially 5 | ¢
measured using an N-type thermocouple positioned at the

10-3Re(Arsr)

side of the sample. A separate experiment was performed to
calibrate temperature measurements with a thermocouple
situated in the sample position.

In situ STM was performed at room temperature in con-
stant current mode using a tunneling current of 1 nA and bias
voltage— 1.0 V. The STM tip was made from tungsten wire
electrochemically etched and prepaiadsitu by annealing.
The STM images are conventional greyscale images with
contrast from dark to light corresponding to low to high
structural elevation.

The RA spectrometer of the Aspnes de$igutilized an
Xe photon source to project and receive light through a low-
strain window on the UHV system. Experimental artifacts
were removed from the spectra using a correction function FiG, 1. Experimental and simulatgbold line RA spectra of
obtained by measuring spectra with the sample in two orcy(110) as a function of temperature. The peak energy of the simu-
thogonal positions. Spectra of the real part of the complexated transition at each temperature(@ 180 K:2.11 eV,(b) 295
RA were taken over a photon energy range of 1.5 to 5.0 eVK:2.09 eV, (c) 430 K:2.06 eV,(d) 555 K:2.04 eV,(e) 730 K:2.01
eV, (f) 850 K:2.05 eV,(g) 965 K:2.18 eV,(h) 1060 K and SLFE
model RA spectrum.

1.5 20 25 3.0 3.5 4.0 4.5 5.0
Photon energy (eV)

Ill. RESULTS

Reversible and irreversible changes to the(X10) RA  cupied state is not clear. The RAS result is in good agree-
spectrum were observed with increasing temperature. Wghent with an unoccupied surface state energy of 1.8 eV. The

present thg results OT the temperature dependence of the Qﬁnsition atY that generates the 2.1 eV feature is induced
response in the regions 1510 3.0 eV and_3.0 o 50 e lely by light polarized alonf001] leading to the observed
separately. Results associated with irreversible effects anrfgflectance anisotropy:2® The assignment of this transition
the effect of surface cleaning are also presented. to surface states is supported by the decay of the signal upon
molecular absorptidi and alkali-metal induced surface

A. RA in the region 1.5 to 3.0 eV reconstructiorf° However, the surfggglretains anisotropy in
. this region under ambient conditi and upon the for-

1. Thermal behavior 180 to 730 K mation of the O/C(110-(2x1) reconstructiort®*® Since

The RA spectra for the clean CLLO surface are shown transitions from surface-modified butkstates tdEg occur at

in Fig. 1. The spectral profile at room temperat{fey. 1(b)] ~2 eV it has been suggested that such transitions also con-
exhibits the main characteristics reported by a number ofribute to the 2.1 eV RA featur€.Local field effects at the
independent studi¢g;?®*°namely, an intense peak at energy surface may also contribute to the RA signal in this redion.
2.1 eV and a bimodal feature around 4 eV. The peak at 2.1 STM studies of the clean surface from which the RAS
eV is thought to arise from a combination of two different results of Fig. 1b) were obtained indicated the presence of a
contributions. The first involves electronic transitions be-layered surface with steps oriented parallel to each other and

tween surface states at tepoint of the SBZ:39 At room  aligned in the[ 110] direction[Fig. 2@]. Step heights vary-
temperature, transitions occur between an occupied surfadeg from monoatomic up to 6 nm height were found on the
state at energy 0.4 eV belo& and an unoccupied surface surface. A very low percentage of steps were of monoatomic
state that has been variously located at energies of*1.8,height and the majority of steps were of significantly larger
2.0 and 2.5 eV(Ref. 16 above E. The reason for this height. Terrace widths extended up to 30 nm in [@61]
difference in the measurements of the position of the unocdirection. An RA spectrum displaying the same characteris-
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FIG. 2. Room temperature
STM data.(a) The CY110 sur-
face prepared by cycles of Ar ion
bombardment and annealing at
850 K, (b) surface following an-
nealing to 1060 K,(c) effect of
further annealing the roughened
surface shown irjb) to 1060 K.

tic features as Fig. (b) has been observed from a ripple <I). Bulk dielectric function data for copper were obtained
morphology created by a shorter anneal tiih&hese results  from experimentally determined tabulated d¥tét.is conve-
indicate that the general RA spectral profile is not overlynient to introduce the bulk dielectric function in terms of the
sensitive to a variability in surface morphology arising from functionsA(w) andB(w) defined by

the surface cleaning procedure.

The results of the RA as a function of temperature are
shown in the sequence of spectra of Fig&)41(h). Each
spectrum was recorded with the sample held at constant tem-
perature. The RA in the region 1.5 to 3.0 eV was simulatedlhe real part of Eq(2) can then be written in terms &f( )
using a Fresnel-based three phase nmbdébf vacuum, bi- andB(w):
axially anisotropic surface layer, and isotropic bulk. Each
medium is associated with a complex dielectric function Ar| —2od
which governs the response of the medium to an applied T ¢
electric field. For vacuum, surface, and bulk media the di-

electric functions are unity, the surface dielectric anisotropy! NS €xpression is used to generate simulated RA spectra.

(SDA) defined ast e () =:[1T01(w) _:[001]((”) andey(w), The SDA was represented by a single transition localized in

. . irecti nd described by a Lorentzian function of
respectively. The reflectance amplitudes are related to thg]aen[gi(t)ii]ndgsg:gyzé y
t.

surface and bulk dielectric functions By

Al(w)—iB(w)= 3

1-ep(w)

[Alw)Ae(w) +B(w)Aeg(w)]. (4)

Slw

€[oo= 1+ m €1101= 1, )

ar_2iod S5 2

r ¢ lew)—1

whereSandI" are the strength and full-width at half maxi-
whered is the surface layer thickness acting as a scalingnum of the Lorentzian line shape, respectively. The simu-
factor andfiw is the photon energy. This result is valid for lated RA spectra are shown in Figgat-1(g) by the solid
small anisotropy and within the thin film approximatiod ( line and the parameters used in each fit are given in Table I.
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TABLE |. Parameters of the Lorentzian component used to simulate the RA in the region 1.5-3.0 eV.
Selected spectra are shown in Fig. 1.

Temperaturé) wi(eV) Expectedw.(eV) S normalized toS (295 K) I'(eV)

180 2.11+0.01 2.12-0.03 0.87-0.03 0.30-0.02
295 2.09-0.01 2.09reference 1.00+0.03 0.27-0.02
385 2.08-0.01 2.07-0.03 0.91-0.03 0.27-0.02
430 2.06-0.01 2.05-0.03 0.88-0.03 0.30-0.02
555 2.04+0.01 2.02-0.03 0.83-0.03 0.43-0.02
615 2.03:0.01 2.01-0.03 0.83-0.03 0.53-0.02
670 2.02:0.01 0.84-0.03 0.63-0.02
730 2.0 0.01 0.84-0.03 0.73:0.03
780 2.02:0.01 0.84-0.03 0.83:0.03
850 2.05-0.01 0.74-0.03 0.86-0.03
930 2.15-0.01 0.74-0.03 0.98-0.05
965 2.18-0.01 0.74-0.03 1.02-0.06

The data of Table I quantify the changes observed in the 2.lng temperature follows a linear relationship suggesting that
eV peak as a result of thermal treatmeRtg. 1). As the fast dynamics are associated with the process.

surface temperature is increased from 180 to 730 K, the RA

spectra show a shift in the peak position to lower photon 2. Thermal behavior 730 to 1060 K

energy[Figs. ](a)—l(_e)]. . . . At a temperature of 730 K and above, the peak-&t eV

The spectra of Fig. 1 show that in addition to the shift in;, ho RA spectrum is observed to shift to higher photon
the position of the 2.1 eV peak with temperature this featureenergy, eventually moving beyond the position observed at
also shows a significant loss of intensity as the temperature i$,5 temperaturéTable | and Fig. 1 The peak continues to
increased. This loss of intensity was observed directly by .o24en and decreases in magnitude with increasing tem-
operating the RA spectrometer at a single energy of 2.1 eVY)q o+ re. At 850 K the main peak is shifted to 2.05[€Vg.
and the intensity of the peak was monitored as a function o (f)] and is considerably broadened and reduced in magni-
temperature from 295 to 615 K. The results of this experiv,qe from the room temperature profile. At 965 K the RA
ment are shown in Fig. 3. The.sur.face was sub!ect_ed 0 fature at~2 eV has become asymmetric with a deviation
linear increase in temperature with time while monitoring thefrom the simulated spectrum on the high energy $idie.

RA at 2.1 eV. The inset to Fig.(& shows th_e decre_ase in the 1(g)] and at 1060 K, a significant change in the profile of the
real part of the RA at 2.1 eV as a function of time. When pﬁak is observefFig. 1(h)].

presented as a function of temperature, a linear decrease |
RA at 2.1 eV with increasing temperature is found. As the ] ]
temperature was increasing continuously during this experi- B. RA in the region 3.0 t0 5.0 eV

ment each data point does not necessarily correspond to ther- The RA spectrum of the clean surface at room tempera-
mal equilibrium. However, the decrease in RA with increas-ture[Fig. 1(b)] exhibits the bimodal structure around 4 eV in
agreement with previous studi¥s?®?°The peak at-3.9 eV

is known to be suppressed upon molecular adsorption
whereas the peak at 4.2 eV has been observed to be less
sensitive to adsorption and reconstructtdn.

The 3.9 and 4.2 eV peaks of the room temperature RA
....... spectrumFig. 1(b)] are observed to exhibit temperature de-
S ey pendent behavior. A single peak at 3.9 eV is observed from

295 to 850 K[Figs. 1b)-1(f)] showing that at least one
contribution to the RA spectrum in this region is not sensi-
tive to temperature-induced changes. Cooling the sample
from room temperature to 180 K suppresses the magnitude
of both the contributions observed at room temperaftbig.
o 1(a)]. These changes in the RA spectrum are reversible up to
290 0 3|0 3|0 M0 M0 470 500 50 560 50 620 850 K, the temperature regime of harmonic and subsequently

Temperature (K) anharmonic atomic V|b_rat|ons._ _ o
Above 850 K, the single minimum at 3.9 eV shifts in

FIG. 3. Fixed energy RA data. The inset shows the decrease i@nergy and decreases in intengijgs. 1f)—1(h)]. At a tem-

RA at 2.1 eV as a function of time. The main figure shows theperature of 1060 K, the minimum in the spectrum is located
decrease in RA at 2.1 eV as a function of temperature. at ~3.7 eV[Fig. 1(h)].

[y
10-3Re(Arh) at 2.1 eV

10-3Re(Ar/r) at 2.1 &V

y=-00158x+12.3
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with Tr~1000 K819-12 Al steps observed were found to
have rough edges that were aligned alond @] direction.

The surface resembled a vicinal surface with steps found in a
““staircase” structure. Terrace sizes were typically 5 nm in

the[110] direction and extended in t§601] direction over
distances>500 nm. At high temperature, adatom diffusion

is enhanced in thp110] directior? which may be an impor-
tant factor in the formation of the observed steps. The loss of
the 2.1 eV peak and the enhanced RA signal in the region
~4 eV is clearly a consequence of the morphology of the
roughened surface. The observation of consistent STM im-
ages over large areas of the surface indicates that the rough-
ened surface has a greater degree of long range surface order
than the surface prepared by annealing at 850 K. LEED
showed a sharp (2 1) pattern for this surface indicating the
preservation of lattice order through the roughening transi-
tion and the primary structural changes induced by the
roughening transition are the formation of steps oriented to-
wards the[001] direction.

The surface obtained by cooling from the roughening
transition and characterized by the STM results shown in
Fig. 2(b) and the RA spectrum of Fig.(d was subjected to
further thermal treatments. RA spectra obtained by holding
this surface at 555, 880, and 1060 K are shown in Figs.
4(b)—4(d), respectively. The spectrum obtained at 1060 K is

15 20 25 30 35 40 45 50 similar to that observed previously at this temperafifig.
Photon energy (€V) 1(h)]. However, spectra observed at lower temperatures
[Figs. 4b),4(c)] are different to those observed earli€igs.

FIG. 4. RA spectrum of the ordered roughened surface prepareti(d),1(f)] in that the strong feature at 2.1 eV arising from the
by annealing at 1060 Ka) at room temperature with the SLF model transition between the surface states has not returned. The
RA spectrum superimposed for comparis¢h)—(e) the ordered energy shift of the RA peak at4 eV with increasing tem-
roughened surface subjected to further thermal treatment: held gerature was found to be similar to that observed when first
(b) 550 K, (c) 880 K, (d) 1060 K, (e) cooled to room temperature. approaching the roughening transition.

When the surface was allowed to cool to room tempera-
ture after further annealing at 1060 K the RA spectrum

We noted earlier that the RA spectrum observed at roonghanged to that observed in Figiet The STM results of
temperature was unchanged by thermal treatments up to 83Ris surface[Fig. 2(c)] show a more ordered array of
K. At higher annealing temperatures we observe irreversiblemoother{001] oriented monoatomic steps separated by an
changes in the RA spectrum. increased average terrace width ofL5 nm. The shoulder

The RA spectrum obtained from the surface allowed topbserved at 2.2 eV in Fig.(d) exhibits no change in energy
cool from a temperature of 1060 K to room temperature iswith further thermal treatmerifigs. 4b)—4(d)].
shown in Fig. 4a). While the absence of the dominant peak
at 2.1 eV in the RA spectrum of the surface at room tem-
perature is noted, the structure at 2.2 eV observed at a tem-
perature of 1060 K is retained. A noticeable feature of the We now investigate the effects of the procedure used to
spectrum is the strong negative contribution to the RA whichprepare a clean Q10 surface. Bombardment of the “or-
has a minimum at 4.2 elFig. 4a)] and which upon cooling dered roughened” surfaces shown in Figéh)2and Zc) by
develops from the feature observed at 3.7 eV at 1068i.  Ar ions (10 uA/cm?, 0.5 kV, 300 K, 15 mif was found to
1(h)]. The RA signal in this energy region is stronger thanreestablish the prominent 2.1 eV peak that is the main char-
that observed at room temperature following the initialacteristic of all the RA spectra reported previously for the
cleaning procedurgFig. 1(b)] and no structure at 3.9 eV is Cu(110 surface. Furthermore, Ar ion bombardment of the
observed. surfaces shown in Figs(@—2(c) resulted in the appearance

The STM results of the surface obtained at room temperaef a positive peak with a maximum intensity at4.1 eV
ture following the anneal at 1060 K showed a very high(Fig. 5 that has been observed previouSslySTM of the
density of steps that were exclusively of monoatomic heighbombarded surfaces showed no remaining steps or terrace
on an otherwise flat surfadéig. 2(b)]. This observation is areas and a disordered surface morphology with no preferred
consistent with the occurrence of the roughening transitiorirectionality at the length scale ¢$10 nm. LEED showed
while the surface was at the high temperature. A temperatura (1x1) pattern with a low intensity diffuse background.
of 1060 K for surface roughening of CiL0 is consistent Upon annealing the bombarded surface at 850 K and moni-

10-3Re(Arfr)

1y,

C. Irreversible changes

D. The effect of surface cleaning
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5 _ with increasing temperature from 180 to 615Kable |) are

‘ in agreement with the shift observed in the occupied surface
state energy’ We note that within this temperature range
surface order is expected to decrease predominantly in a har-
monic fashion.

The linear decrease in the RA at 2.1 eV with increasing
temperature up to 615 KFig. 3) may be caused by a thermal
depopulation of the initial surface state. The occupied sur-
face state involved in the transition dominating the RA at 2

eV occurs atY and lies 430 meV beloviEg at room tem-
perature and approach&: with increasing temperaturé.
At 730 K the occupied state has moved closer to the Fermi
energy and the bottom of the surface state band is estimated
to be located~320 meV belowEg extrapolating from the
photoemission resulfS. The occupied surface state is of
Shockley type and its occupying electrons may be consid-
ered as a 2D free-electron-like g&<3 The kinetic energy
FIG. 5. RA spectra of the Gu10) surface(i) following Ar ion available from thermal processes to an individual electron
bombardment and the sequence of spectra fidro (i) shows the  within an electron gas is of the ordégT, which at T
effect of annealing the bombarded surface to 850 K. =730 K is ~60 meV. At room temperature there are 0.04
electrons per atom in the occupied stawf average binding
toring the RAS response as the sample temperature increasgﬁergyNZOO meV?’ Considering a shift in the average
from room temperature up to 850 K, a shift in energy and &inding energy of an electron of a magnitude comparable to
reversal in sign of the 4 eV RA feature was observed aghat experienced by the bottom of the band, the electrons in
shown in the sequence of spectra in Fig. 5 frémto (ii). A 6 state at 730 K are likely to have an energy approaching

tS|m|iar b;ah?wor has k;eentlobsir\t/)ed E)ordmn bto%mﬁ bafgmeﬂiBT. It is therefore possible that this state experiences charge
reatment aljone, as a tunction ot bombardmen " _depopulation due to the gain in thermal energy by electrons

ing to the conclusion that the RA response around 4 eV Was 1 the shift of the state toward: as the temperature is

sensitive to the creation of vacancies in the surface Iayer.ncreased This suagestion is supported by the observed re-
The results presented here support the view that the RA rdl : 99 PP y

sponse at~4 eV is sensitive to atomic disorder at the duction in the mtensny., th.e broadenmg and the shift in en-
Cu(110 surface. ergy of the RA peak with increasing temperature.

An exponential decrease in the intensity of the peak ob-
served in inverse photoemission isochromat spectra arising

from transitions involving the unoccupied surface stat¥ at
We begin with the_ assumption that the prominent featurg,as peen observed with increasing temperature up to 700
observed at 2.1 eV in the RA spectrum of the(C10) sur- ¢ 14 s |oss of intensity with temperature was attributed to
face is made up of two components, a dominant contribution, reqyction in the intensity of direct transitions arising from
arising from a transition between surface states a weak%e randomizing effect of momentum transfers caused by

contributior: ?riging t])‘rom the Slljgflacle Iochal—fieldk effect electron-phonon scattering. This effect will also contribute to
(SLFE). Calculations by Hanseet al™ place the peak aris- o requction in intensity of the 2.1 eV RA peak through

ing from the SLFE at 2.2 eV, approximately 0.1 eV higher in g o ron_phonon coupling in both the initial and final states
photon energy than the prominent peak observed experimeR, oived in the transition

tally.

10-3Re(Arfr)

30 35 4.0 45
Photon energy (eV)

IV. DISCUSSION

As noted earlier, the shift to lower photon energy of the 2
. eV RA peak is related to the known shift in the occupied
A. Reversible changes surface state enerdffable ). At 730 K and above, the peak

We relate the shift in energy of the 2.1 eV RA peak with at ~2 eV in the RA spectrum is observed to shift to higher
increasing temperature to the known temperature deperthoton energy, eventually moving beyond the position ob-
dence of the occupied surface state which photoemissionserved at room temperatut@able | and Fig. 1 The peak
has shown to have a linear energy shift with increasing temcontinues to broaden and decreases in magnitude with in-
perature. The position of the unoccupied state is independefteasing temperature. In this temperature range, anharmonic
of temperaturé? In Table | we compare the expected changePehavior is expected to become the dominant process of
in the energy of the peak in the RA spectrum deduced fron@tomic disordering at the surface. We attribute the shift of
the observed change in the position of the occupied surfacée RA peak to higher photon energy in this temperature
state with a constant unoccupied surface state energy. THange to a combination of the gradual loss of the intensity of
temperature dependent shifts are given relative to the peake transition associated with surface state¥ atue to the
position at 295 K. It can be seen that to within experimentathermal depopulation of the initial state and the increasing
uncertainties, the magnitude of the observed energy shiftsnportance of the contribution due to the SLFE which is at a
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slightly higher energy. This SLFE contribution will be dis- It is clear that the 2.1 and 3.9 eV peaks in the RA spectra

cussed further in the following section. are lost irreversibly upon inducing the roughening transition.
Given the sensitivity of the intensity of the 2.1 eV RA peak
B. Irreversible changes to the population of the occupied surface stat& a&nd the

With increasing temperature above 900 K, the creation of !oseness of the binding energy of this staté&foit is pos-

sctom-vacancy pars s expected 10 become he cominafiie e e Taouw eice sicture generated by he i
process of surface disorderiht® and it is likely that the P P

disorder accompanying this process contributes to the loss t%?e surface state from returning to the energy).4 eV be-

. . o . — ow Eg, that it has on the original surface. Upon cooling
intensity from the transition involving surface statesYat from 1060 K to room temperature the occupied state may be

We assign the structure observed around 2.2 eV at 1060 Kqiq at a higher energy by a confinement of the state by the

[Fig. Ah] to the SLFE contribution that is expected to be giaps This behavior has been observed for the Shockley-type
less sensitive to temperature variatibhand which we SU9-  gyrface state on a vicinal CLL1) surface which shifts in

gest is now directly observable since the transition involvingbinding energy as a result of lateral confinement of the sur-
surface states is suppressed. In Fin) the thick solid line  ¢;6 state wavefunction to terrad@On the C111) surface

reproduces the simulated @10 RA spectrum of Hansen he width of terraces was found to affect the binding energy
et al” as generated by the SLFE model developed by Moyt the surface state with narrow terraces shifting the state

. 8-40 Tpi :
chan and co-workerS™** This model simulates th\zj surface toardsk, . This shift was found to be consistent with a 1D
region Ey meanls ofl_a Ie:jttlce of golarlzhable cores(,j tlec- _Kronig-Penney model of function potential barrief§ that
trons that are localized around each core and a screeninge s 5 yvalue for the surface state energy for the case of a

Drude electron gas describes the (_Jlelocalizq_ﬂ electrons. periodic array of monoatomic steps. The bottom of the sur-
The RA response results from a difference in surface cong; .o siate band is reduced in binding energy by an
ductivity, due to polarization processes in the presence of ag,,, j,n#5:26

oscillating electric field, between the two principal directions

in the surface plane AE=(A2/2m*L?)[cos (| T|) - ¢]2, (8)
Ar  2(op1101~ Tjoo1) 5 whereL is the mean step-step distance” is the effective
T ceglep—1) ©®  surface state electron mass, ane|T|e'? is the energy-
dependent transmission coefficient through the step barrier.
where the surface conductivityr] is defined as For the case of total confinement by the steps separated 5 nm
apart [Fig. 2(b)] and usingm*/m=0.261 AE=60 meV
. 3 Pi— Pp which is comparable with the shift in energy necessary to
o=—la€2 w(ep— fDrude)Z Po (") cause significant depopulation of the state.

The strong RA response observed at 4.2 eV from the
with p; the dipole moment of théth core, p, the dipole roughened surfacgFig. 2(b)] is significantly different from
moment of the bulk, and the lattice constant. The simulated that simulated by the SLFE modgtig. 4a)] and from that
spectrum shows good agreement with the experimental RRPbserved on the original surfag¢gig. 1(b)]. It is likely that
profile below 2.5 eMFig. 1(h)]. In addition, a negative RA this RA signal is associated with the monoatomic step array.
response of similar magnitude but a different profile to thatThe narrowing of the RA feature at4.2 eV observed fol-
observed experimentally is produced at higher photon enlowing further annealing of the roughened surféet. 4(e)]
ergy. We suggest that the success of the SLFE model ignd the creation of more uniform steffsig. 2(c)] supports
describing the observed RA response in the regigheV is  its association witH001] monoatomic steps. The shoulder
confirmation both of our view that the contribution from sur- observed at 2.2 eV in Fig.(4 exhibits no change in energy

face states is absent from the RA spectrum at this temperavith further thermal treatmerifigs. 4b)—4(d)]. This obser-
ture and of the validity of the application of the SLFE vation together with the STM results of increased terrace

modef®*to Cu110).%* widths [Figs. 2b)—2(c)] indicate that the structure observed
The simulated RA profile of the SLFE model shows someat 2.2 eV on this surface is unlikely to derive from transitions
similarity with the magnitude of the RA response in the re-involving the surface states at and closely resembles the
gion around 4 eV observed at 1060[Rig. 1(h)]. The cre- contribution expected from the SLFE.
ation of adatom-vacancy pairs is expected to become signifi- We suggest that the absence of the 2.1 eV peak in the RA
cant at temperaturez 900 K (Refs. 3,7,8 and our results spectrum observed from the surface showing an ordered ar-
indicate that the RA response in this energy region is sensiay of monoatomic stepfdrigs. 2b)—2(c)] and its presence
tive to this disorder mechanism. This result is in agreemenon the RA observed from the surface following the Ar ion
with previous work that has suggested that the RA signabombardment can be explained in terms of the local nature
around~4 eV is sensitive to the presence of vacancies at thef the RA probe and the sensitivity of the energy of the
surface created via Ar ion bombardméhDeviations from  occupied surface state to the terrace structure. The energy of
the SLFE profile at high temperatuf€ig. 1(h)] may arise  the initial surface state is close #: and on the ordered
from the effects of adatom-vacancy pairs which are not consurface the narrow terraces and array$Qifl] monoatomic
sidered in the SLFE model. steps confine the surface state and lower its binding energy
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resulting in charge depopulation. On the disordered surfacef the surface state. Irreversible changes to the RA spectrum
there will always be regions of the surface in which the ini-are observed upon inducing the roughening transition that we
tial surface state is occupied. The intensity of the 2.1 eVsuggest are caused by changes in the surface state occupancy
peak will then be a measure of the fraction of the surfacejue to confinement by the terrace structure and the response

over which the initial surface state is occupied. from monoatomic steps. The relative contributions from sur-
face state transitions and surface local-field effects to the RA
V. CONCLUSIONS response around 2 eV are determined. We suggest that the

feature observed at 4.2 eV dominating the RA spectrum of

The RA_r_esponse of the (Cljl_O) surface has be_en found the roughened surface is associated with monoatomic steps.
to be sensitive to temperature-induced surface disorder. The

RA peak at 2.1 eV shifts in energy between 180 to 615 K by
an amount that is in agreement with_the observed shift in
energy of the occupied surface stateYatWe suggest that

the reversible decrease in RA intensity-a2 eV up to 850 K The authors acknowledge the U.K. EPSRC for support of
is related to the temperature-dependent electronic occupantlyis work.
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