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~~~ potential features in this region. 7We-heyemeaa~~e~ ~he energy distribution
of electrons contributing to each of these kinds of features.. ‘rhe diffrac-
t ion structure is due almost entirely to elastic electrons while the appear-
ance potential peaks result primarily from electrons with energy less than
30 eV. This difference can be exploited using a double modulation scheme
with 4 grid LEED optics to separate the two kinds of features. This extends
the useful range of Auger electron appearance potential spectroscopy down
to energies below 200 eV.
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ELASTIC AND INELASTIC CONTR I B U TIONS TO

SECONDAR Y ELECTRON YIELD STRU CTURE*
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The secondary electron yield of solid surfaces contains weak but

comp l icated structure , which is greatly enhanced by differentiation with

respec t to primary electron energy. Auger electron appearance potential

f ea tures , corr esponding to yield changes due to core level excitations ,

and diffraction features are the major contributions to this structure.

The magn itude of the diffraction features decreases with primary energy

and depends strongly on temperature and surface order. Surprisingly,

even for polycrystalline materials the diffraction features extend out

to about 400 eV and completely obscure appearance pot intia l features in

this region. We have measured the energy di stribution of electrons

contributing to each of these kinds of features. The diffraction structure

is due almost entirely to elastic electrons while the appearance potential

peaks result primarily from electrons with energy less than 30 eV. Th is

d i f f e r e n c e  can be exp lo ited using ;. uouble modulation scheme with 4 grid

LEED opt ics to separate the two kinds of features. This extends the useful

range of Auger electron appearance potential spectroscopy down to energies

below 200 eV.

*This work was suppor ted by the Office of Naval Research under
Grant N000—14—75C—0292.

- 1— - ~~~~~~~~~~~~~~~~~~~ 
- 

— 

-



t

Acknowled~ rnents

This work was supported by the Office of Naval Research under Grant

No. N000—14—75C—0292. The authors would like to also thank Dr. Y. Fukuda for

his assistance in taking some of the data.

—

~

-— ——-- 

~~~~~:r- ~~~~~~~~~~~~~~ 
. 

- ~~~~-



T n t  r od u c t  ion

The secondary electron y ield from electrons incident on solid sur—

faces his l~ i ’ t fl studied for more than half a century. Plots of the yield

as i function of the incident electron energy con tl in an abundance of

s~m~ill v i riations. In the low energy ‘egion these variations have been

attributed ~o diffraction effects ,’ ~ and indeed their study has been

christened Low Energy Electron Reflection (LEER)
4 and To tal Curren t

Spe~ troscopy (TCS).
5 

Differentiation of the secondary electron yield

as a tunction of incident electron energy greatl y enhances these diffrac-

t ion fF- ,it ures relative to the slowly varying background. In second

der ivative plots , eve n f rom pol ycrystal l ine materials , the diffraction

effects have been shown to persist to several hundred electron volts .
6

A t hig her incident energies additional structure has been observed

which has been identified with the thresholds for inelastic scattering

fro~ atomic core states.
7 

The stud y of these core excit ations in the

tot al secondary yield , which is observed to increase at the thresholds ,

is termed Auger Electron A ppearance  Po t en ti al Spectroscopv (AEAPS).
8

~h :- de tected in the elastic yie ld , wh ich decreases at the threshold ,

t h e  techn ique is termed Disappearance Potential Spectroscopv (DAPS).
9

Tl~~~e te chn i ques provide Information about the local density of unfilled

~t a t i~s i S S I ) C j I t I - d  with each element in the surface region. Similar In—

I r -~ it ion is provided by c o f t  X—R ay Appea rance Potential Spectroscopy

(SXAJ’S), In which the -ippearance potent lil t isured by detecting

chdnges in the lIl Ioton yield . The major advantage of AEA P S and flAPS over
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SXAPS is t i e  reduction in primary current permitted by a larger signal

and ~re.iter det e ction efficiency. Conseqcc ntly , the samp le heating and

large current densities that can perturb w c- aklv bound adsorbed 1ayers are

subst anti all y reduced .

AEAPS and flAPS have been successfully used to study the electronic

structure of a variety of materials with core bindin g energies above

about 400 eV. However , un l i k e  SXAPS , appearance potential signals at

low er energ ies are obscured by the diffraction effects. For examp le ,

while the C is threshold at 284 V can easil” be seen in SXAPS spectra of

T I C , fig. 1 shows that in OAFS it Is hidden b~- the diffraction. In

add ition , one would expect to observ e fine srructure extending several

hundred electron volts abov e appearance pot ential thresholds sim ilar to

tha t found in extended X—ray absorption fine structur e 1° and in SXAPS .~~

Indeed , with AEAPS or DAPS one should be able to examine structure above

thresholds at energies not readily accessible to X—ray monochrometers.

But first , the diffr ac t i n  back ground must be removed .

Potentially, the di t fraction features could be used to monitor

structural changes on the surface of polvcr~ staliine materials. In this

paper , howev er , we will inv e sti ga te the fe~ s1hili t v of separating the

d iffraction str ci c -ture from the appearance potential features. In parti-

cu l ar we w i l l  f i o  ‘ c~ on the enc- rgv dependence of the elect rons cont rih u t in ?’

to both sorts of str cc ture .

L~. . . , -. . — . . _ _ _  -—
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~~ pe i m en t a l

E x p e r i m e n t s  were  pe r fo rmed  In a V i r i a n  UH V sys t em.  Measuremen t s

were made with PHI 4—grid , hemisp heri cal optics and a normal Incidence

elec tron gun . For the results to be presented here , Al( 100) , T1C(lO0),

and pol ycrystal .line Ti and Fe samples were used. These samp l es were

cleaned by cycles of argon ion bombardment and annealing. Clean l ines s

was moni to red  w i t h  AES .

Changes in the  t o t a l  y ie ld  can be measured very s imply by t ak ing

der ivatives of the sample current .
12 In these exper iments , however ,

we measure the collector current and use the grids to energy analyze the

secondar i e s .  To p e r f o r m  t h e  d i f f e r e n t i a t i o n, we m o d u l a t e  the  a c c e l e r a t i n g

p o t e n t i a l  by a p p l y i n g  a lv rms modu la t ion  between the samp le  and g r o u n d .

In flAPS the first and last grids are grounded and the middle two retarding

grids are set to pass only quasielastic electrons. In AEAP S , the first

and last gr ids are set at a few volts positive to suppr”ss back ground

vari ations due to secondary emission from the grids. The middle two

grids are se t at the sample potential to p.ss all secondaries. The

Important point here is that when detect ing quasiel asti ele ctrons ,

the re tarding grid potential must he fixed with respect to the em it tir

potential. Otherwise , loss features wil l appear in the signal. Simi larl y ,

when the grids are set to pass all or all but Tow energy ele trons , the

retarding grids must be fixed with respect to the samp le. Otherwise , as

the sample potential is modulated , the propor tion of the true secondary

peak passed by the grids will be modulated and a spurious signal will

be observed .
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Resul t s

The e l a s t i c  and total yields from T1C(100) are shown in f i g .  1. The

structure in the elastic yield is much larger than the structure in the

t otal yield , suggcsting that only elastic electrons contribute to the

d iffraction features. This is of course what would be expected at very

1 ,13
low i n cid e n t  ene rg i e s , ~n which case most of the yield is elastic.

But at hig~ier inc ident ~~‘erg ies one ni ght  suppose t h a t  a decrease  in

~he elas ticall y scattered electrons would result in more inelastic excita-

tions and an increase in the inelastic yield.

One sees the same sort of structure in the yields from polvcrvstallin e

materials and in fi g. 2 we show spectra taken from polycrystalline Ti.

Although the structure is much weaker , in the 2nd derivative plot it can

be observed out to the Ti 2p appearance pot ential threshold.

To obtain the energy dependence of t h e  e l e c t r o n s  c o n t r i b u t i n g  to

t ic diffraction structure we measured the second derivative of the scattered

intensity at a series of analyzer grid voltages. At any grid voltage

only those elec trons wi th energy suff ic ient to pass the re tarding grid

co~ trihute to the signal. For retarding potentials nearl y equal to the

inci den t acce l erat ing vol tage , the analyzer grids were fixed with respect

to the filament to avoid modulating the characteristic loss features. For

retarding potentials near zero the analyzer grids were fixed with respect

to th e samp le to avoid similar artifacts due to the true secondary peak.

lice results are shown in fig. 3 in which the grid potential is always

gi ven referenced to the samp le. A t the highest grid potentials , in whicH

case the analyzer to filament potential is small compared to the modula—

tion amplitude , the signal represents the second deriva tive cf the elastic



y i e l d .  As the  gr i d  to f i l a m e n t  p o t e n t i a l  difference is increased to

values larger t h a n  the modulation amp litude , the measured signal is s t ill

primaril y the second derivative of the elastic y ield. This is because

t he  e l a s t i c  peak , w h i c h  d o m i n a t e s  the collected current , is sharp rela t ive

to t h e  g r i d  to f i l a m e n t  p o t e n t i a l  and modulation amp litude. Nevertheless ,

e l e c t r o n s  s u f f e r i n g  an i n e l a s t i c  loss may c o n t r i b u t e  on c e the  r e t a r d i n g

potential is sufficiently lowered . If a plasmon is created after an elec-

t ron is elastically scattered
14 

it will tend to enhance the diffraction

~otr uctnre . On t h e  other hand , an electron that creates a plasmon before

ela stical ly scattering will tend to change the structure. The figure

indicates that the diffraction contribution does not beg in abruptly at

the elastic peak but increases gradually as more electrons that have

suffered losses are included in the collected signal. There is little

change in the diffraction structure as the grid potential is further

decreased . Even as the true secondary peak is included in the collected

signal , l ittle change in the diffraction structure is observed . This means

that the intensity and shape of the true secondary peak does not change

in a way comparable to the elastic intensity. Therefore , as far as

the dif f rac ti on struc ture is conc erned , both DAPS and AEAPS measure the

derivative of only the elastic yield.

Fig. 3 al so shows the energy distribution of electrons contributing

to the Ti 2p appearan ce potential peak. With the anal yzer potential set

to pass only elastic electrons , the si gnal is the second derivative of

th e decrease in the elastic yield as the primary energy crosses the 2p

threshold. As the potential is reduced , the sig nal becomes more negative
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since plasmon loss replicas of the elastic beam are collected . When the

threshold  is crossed , these replicas decrease in the same way as the

elast ics. As the anal yzer potential is decreased further , the signal

represents roughly the increase in inelastic yield minus the decrease

In elastic yield. The abrupt changes at 220 and 190 volts correspond

to the inclusion of the Ti 2p Auger electrons which have left the sample

without energy loss. At lower potentials there is a gradual increase in

the signal as more inelastic electrons are included , until finally at

around 20 V there is a very abrupt rise. This indicates that most of

the inelastic electrons contributing to this particular appearance

pot ential feature have energies less than about 20 eV)5 These electrons

are the decay products of excitations created by the 2p Auger elec trons.

This elec tron energy dis tribut ion is very dif fer ent from the behavior

observed for the diffraction features .

Fig. 4 shows the temperature dependence of several diffraction peaks

in DAPS spectra from polycrystalline Fe and TiC (100). The Fe sample

produc es many visible d i ff rac t ion spo ts, perhaps due to recrys tall iza tion

during heat ing. The peak heights appear to decrease exponentially with

increas ing t emperature even though many diffraction beams with different

momentum transfers contribute. The peak heights of the TiC (100) sample

exhib it no such simple depend ence on temperature. This is to be expected

since the therma l vibrations of two different kinds of atoms are involved .

Since there is little decrease with increasing temperature , it is no t possible in -

this case to reduce the diffraction effects , rela t ive to appearance potential

features , s imply by hea t ing.



The distinctl y different energy distribution cf electrons contri-

buting to the diffraction and appear rci potential features suggests an

experimental procedure that would enhance the appearance potential features

relative to the diffraction. By constructing a b ypass anal yzer that just

collect s the electrons in the true secondary peak we would detect changes

in the low energy yield due mainl y to cc’re hole excitations. ‘i’ e can

simulate a band pass analyzer by modulating the voltage of the retarding

grid. This amounts to taking a derivative of the distribution shown

in fig. 3 with respect to the retarding potential. One can see in this

fi gure that at low retarding potentials the slope of the energy distri-

bution curve for the appearance potential feature is much larger than

that of the diffraction background. In practice we construct this

pseudo—lowpass filter by mod ulating the retarding grid to sample poten-

tial between 0 and 10 V at a frequency f
1 

= 20kHZ , the accelerating

potential is modulated at a frequency f
2 

= 13kHZ , and the component of

collect or current at 2f
2 

— f
1 

is detected. We app ly the modulation at

fr equency f
2 

to the gun filament to avoid placing both modulations on

the grids. Otherwise large background variations associated with secondary

emission from the grids occur at the detection frequency. Consequently

we must expect the back ground variations that occur when the gun operating

conditions are modulated . The result or the TiC (lOO) samp le is shown in

f i g. 5 where the bottom curve is a flAPS spectrum and the top curve is a

measurement using the double modulation scheme . One can see that the

magnitude of the diffr ;otlo n features is reclin ed and that their shape ~s



Con c l usion

EXAFS has be en made s u r face sensi ti ve by de tecting the Auger elec-

tr ons that result from the decay of the X—ray excited core holes.
16 

A

similar experiment could be imagined using electron excitation. However ,

f o r  a significant region above threshold , the fine structure will be

obsc ured by loss replicas of the elastic peak. This is because whenever

the elastic yield decreases, the loss replicas will follow suit. It

should be possible to look for much lower energy Auger electrons that

are far away fr om loss replicas. But then one could as well look at the

larger true secondary peak to htain the same effect.

Unlike appearance potential features , a change in the elastic yield

is not reflected in the true secondary peak. Perhaps this is because

a decr ease in the total backscattered intensity largely corresponds to

forward scattering to depths in the samp le fr om wh ich the elec trons cannot

escape. The scatter in the data indicates that this is not completel y

true , and espe c i al l y at low incident energ ies one might expect that the

quasielastics would mix with the true secondaries. Certainly, our

results show that at incident energies above 60 eV, the elas tic and

inelas t ic yield are remarkably decoupled .

To the extent that this decoup ling holds , the diffraction features

can be removed from second derivative spectra by collecting only electrons

In the true secondary peak. However , we have not yet achieved the enhance-

ment that the different slopes of the curves in fig. 3 indicate possible

One diffic ulty stems from the slowly varying background that results from

mod ulation of the electron gun. Nevertheless , we have demons t ra t ed that

_ _
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AEAPS can be extended to lower incident energies than heretofore possible

and have found that the C is peak of TIC is much smaller in AEAPS than in

SXAPS.
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FIGURE CAPT IONS

1. Total y i e ld  and quasielastic yield of TiC (100) as a function

of incident energ’ . The incident current increases monoton ically with

energy . Both total and elastic yield show changes with energy; these

are much larger in the elastic yield. Also shown is the flAPS spectrum

of TiC , wh ich is the second derivative of the elastic yield with respect

to incident energy . The units here are arbitrary . Differentiation enhances

th e diffraction features , and the Ti 2p and 2s appearanc:e potential features

becom e visible as well.

2. Total yield and quasielastic yield of polycrystalline Ti , taken

as in fig. 1. The diffraction variations are now much smaller. Never-

theless , in the derivative , they extend out to the 2p edge if the gain is

Incr eased.

3. Energy dependence of elec trons con tribut ing to var ious f ea tu res in the

secondary yield of several different materials. These were obtained by

taking the spectrum at a series of analyzer voltages. Curve a is the

dependence of a peak in the Al (100) spectrum at 140 ~V pr imary energy .

Curve b is a peak at 110 eV from a polycrys talline Fe sample. Curves

c, d, and e are all from TIC (100); c is a peak at 250 eV, d is a peak at

500 eV , and e is the Ti 2p appearance potential feature at 456 eV. The

latter changes si gn at 20 volts , ind icating most of the electrons contri-

buting to that signal are low energy electrons . In contr ast , the diffrac-

t ion peaks a through d change very little until the grid retarding voltage

-

~
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F~gu re Capt ions continued:

nears the accelerating po t ential. This indicates most of the ele ctrons

contributing to the diffraction signal are in the elastic beam.

4. Temperature dependence of various features in the secondary yield

spectra of polycrys talline Fe and TIC (100). The two Fe peaks at 53 e~

and 95 eV pr imary energy decrease exponen tially with increasing t emperature.

However , the TiC peaks at 110 eV and 180 eV change rnlv slowly with t empera-

ture. This indicates it is not always possible to reduce diffraction effects

in the secondary yield spectrum by heating.

5. Comparison of the second derivative of the elastic yield (flAPS) with

the second der iva tive of the low energy, inelastic yield (upper spectrum).

The slowly varying background in the upper curve is a consequence of

mod ulating the electron gun filament. As we have shown, most of the electrons

contributing to the diffrac tion features are elastic , while those contri-

but ing to an appearance potential feature have low energy . This Is apparent

in the upper curve (the derivative of the low energy, Inelastic yield), In

wh ich the diffraction features are much weaker, rela ti ve to the appearance

potential feature , th an In the elastic yield (DAPS).
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