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Surface cleaning procedures for seventy four of the elements having ~,apor pre~,sures below 
1.3 × 10 " 7 Pa at room temperatu,e have been reviewed and evaluated. The emphasis was on in-Mtu 
9roc.,:.:'ures used to produce a clean surface on a macroscopic bulk sample in an ultra-high ".'acuui','~ 
,,.'nvJronment. In this review an atomically clear, surface was dcfined to be an annealed surface 
(except where noted} at ambient temperature with a total surface contamination level of less than a 
few percent of a monolayer. Where',er possible only cleaning methods documented by element- 
specific, surface-analytical techniques were reviewed and subsequently incoronrated into tile table 
of recommended procedures. For some elements a variety of procedures was deemed acceptable. 
Any differences in methods for polycrystaIline and single-crystalline surfaces of the same element 
have been detailed. References to the reviewed literature are grouped by element. 

Contents 

G l o s s a r y  

I. I n t r o d u c t i o n  

2. R e v i e w  o f  s u r f a c e  c l e a n i n g  p r o c e d u r e s  

3. D i s c u s s i o n  a n d  recx, m m e n d a t i o n s  

T a b l e  1. R e c o m m e n d e d  s u r f a c e  cle~aning p r o c e d u r e s  

4.  C o n c l u d i n g  r e m a r k s  

A c k n o w l e d g e m e n t s  

R e f e r e n c e s  

G l o s s a r y  

A E S  

boo  

c u b  

c u b - d i a  

A v g e r  e l e c t r o n  s p e c t r o s c o p y  

B o d y  c e n t e r e d  c u b i c  c r y s t a l  s t r u c t u r e  

C u b i c  c r y s t a l  s t r u c t u r e  
C u b i c - d : , a m o n d  c r y s t a l  struct,  u r e  

• Work performed under the auspice,, of the U S  Department of Energy by the Lawrence 
Livermore National Laboratory under Contract Number W-7.'t05-ENG-48. 

0 3 7 8 - 5 9 6 3 / 8 2 / 0 0 0 0 - 0 0 0 0 / $ 0 2 . 7 5  © 1982 N o r t l . - H o l l a n d  



141 

f c c  

ELS 
FEM 
FIM 
hco 
hex 
I~S 
L 
LEED 
mon 
erth 
rhdr 
RHEED 
SIMS 
SXAPS 
te,r 
UHV 
X PS 

R. ( ;  ,lIzt~,', ¢t e l  ttl. / Pr t~a .  atlol~ o /  att,n tt ~ ql' ~ leua .~urfat e.i 

Face cen,'e~',.~d cubic crystal structurt: 
Energy loss spectroscopy 
Field ele~.trc.n microscopy 
Field ion microscopy 
Hexagonal t:lose-packed crystal structure 
Hexagonal ,:rystal structure 
Ion scattering spectroscopy 
Langmuir(I  L =0.13 mPas) 
Low energy ele:tron diffraction 
Mo~ocliaic crystal structure 
Orthorhombic ,:rystal structure 
Rhombohedral ea'ysta! structure. 
Reflection high energy electron diffraction 
Secondary ion mass spectroscopy 
Soft X-ray appearance potential spectroscopy 
"l'etragonal cry:aal structure 
Ultra-high vacuum 
X-ray photoel~'ctron spectrosc,~py (also called ESCA - 
spet.~roscopy for cherai:al analysis) 

electron 

I. Introduction 

Preparation of atomically clean, elemt.nta} ~,u-face.~ is required prior to 
experimental studies of their physical a n d / o r  chemical F.roperties. The investi- 
gator in search of a cleaning reci9e often nus t  track the orig~n of any cleaning 
procedure back through several references only to locate a procedure that has 
not been verified ay element-specific surface characterizati,an techniques. Fur- 
thermore, that procedure raay be neither the only nor the best procedure. The 
invest~gato,"s alternative i:, the tedious process of developing his own proce- 
dule. A.,; .,tlrface scientis'.s, we have been in similar situations and have. 
concluded tha'. a paper which re,,iews the documented cleaning procedures and 
recommends ,)r.e "best" procedure for each surface should be quite valuable to 
the practitionexs of suriace science. The procedures discussed here are those 
used after the sample is in an ultra-high vacuum en 'ironment (i.e., after 
mechanical a n d / o r  ele,'tro-chemicai polis.hing and residue removai). The 
maintenance of the cleanliness for time scales consistent with the experimental 
study is a matter of applyine, the appropriate vacut:m technologie'~ and is 
beyond t~ae scope of this review. Usually, subsequent recleaning can be 
accomplished by a shorter-term repeat of the specif:ed procedure. 

In 1963, Rob¢:ls [I] published a paper ot • ~.l',e stneration of clean surfaces in 
high vacuum. E.e described the advantage~ and disadvantages of six general 
melhods for preparing clean surfaces and gave specific procedures for a few 
elements. However, techniques for surface analysis wen~ not available a: that 
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time to verify the effectiveness of the procedures. In this document, we have 
reviewed the specific cleaning techniques for more than seventy elements with 
vapor pressures of less than 1.3 x 10-I  Pa at room temperature. Wherever 
possible only those procedures verified by element-specific surface-analytical 
techniqu'~ (e.g., AES, XPS, SIMS, 1SS) are given. Details are discussed for 
polycrystalline and various slngle-crystalline surfaces. Procedures for which no 
element-specific analyses were reported have bee~l included with the ap- 
propriate caveat,;. From the review and assessment of the various method,~. 
recommended procedures for each element have been combined in a table. 

For the purposes of this paper, a clean surface is defined to be an annealed 
surface (except ~vhere noted) at amk~ent temperature with a total surface 
contamination level of less than a ft;w percent of a monolayer. Annealing is 
retluired to insule that any studies performed will be reproducible and char- 
acteristic of a nearly defect-free surface. Estimates of the structural perfection 
for annealed surfaces of single crystals kave been obtained from LEED 
intensities, A total contamination level of less than a few percent was specified 
as acceptably clean because (I) the two most widely used techniques for 
surface analysis (AES and XFS) have detection limits of about one percent of a 
monolayer for individual elements, and (2) such limited contaminatiGn in the 
first few atomic layers shotild not markedly affect the results of most experi- 
mental studies. 

Cleaning procedures considered in this review are (I) heating to a high 
temperature in UHV or in a partial pressure of a reactive gas, (2) ion 
sputtering with the saml',le either at ambient or elevated temperatures, (3) 
in-situ fracturing or cleaving, and (4) in-situ maching or scraping. Since many 
methods call for repetitior, of processing steps until the surface is clean, th~ 
need for in-situ e!ement specific analysis of the surface is not eliminated by 
following the recipes given here. 

Specifically excluded from this review are preparation of clean, elemental 
surfaces by in-situ deposition of films, by laser irradiation, and by field 
desorption methods. For some elements, in-situ depcsi~ion of a film may be the 
only known method of prel~aring a large, clean surface (i.e., ~ I cm 2 ): this fact 
is noted in the table of recommended surface-cleaning procedures. Laser 
irradiaticn has limited applications and has not yet been fully established. 
Field desorption cleaning techniques are not reviewed because the sample size. 
which is limiteo to ~ 5000 ,~ diameter by the requirements of I-EM and FIM, 
,s not large enough to be generally useful. 

For the convenience of the reader the elements are arranged in alphabetical 
erder in the text, in the table and in the reference pages. The sources reviewed 
and quoted are generally in English from easily accessible books and journals. 
These sources were found by searching for papers published prior to early 1981 
usi~ag both key-worded computerized systems and journal indices. 
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2. Review of surfe.ce cloaning procE~lures 

Procedures used to generate atomically clean surfaces for surface-related 
experiments have been reviewed and evaluated. Wherever possible only clean- 
ing methods documemed by an element-specific, surface-analytical technique 
were included in the review. The element: are d~scussed in alphabetical order 
with details and references for individual crystallographic planes presented 
wherever appropriate. Both the crystalline structure type and the melting point 
T~ are listed parenthetically after the elemental name and abbreviation. 

Actinium, Ac (cub. T., = 1323 K) 

We found no surface studies on bulk or thin-film actinium. 

,4hmunum, AI (fcc, ~ :: 933 K) 

Polycrystalline and .,.ingle crystalline rods with the orientations (100). (110). 
and (111) are sold comy.nercially with 99.9995% purity; thus, the major cleaning 
task is the removal o, ~ '.he thin oxide layer which formed on the surface during 
exposure to air and during electropolishing. 

Polycrrstallme surface [AI-I to AI-15]. Polycr2c~,talline surfaces of aluminum 
have beea investigated e,~er since surface science tools became available. Two 
different cleaning procedures have been used: (1) heating the sample to 873 K, 
and (2) repeated cycles of ion bombardment and annealing. For the first 
procedure, Auger peal, s of oxidized aluminum faded away and eventually 
disappeared after several hours of annealing at 873 K under UHV conditions. 
such that the ratio of the oxygen peak (510 eV) to the AI peak (68 eV) was less 
than 0.001 [AI-12]. In the second procedure, the sample was bombarded with 
noble gas ions at room temperatttre (5 keV, 78 y A / c m  2 ) [AI-10]. and thereafter 
annealed at various temperatures (e.g., at 550 and > 723 K). The majority of 
stltdies included tile ion-bombardment and annealing cycle. The sputtering 
tir~e necessary to remove the initial oxide layer was a )proximately 10 h; for 
re~:leaning, sputtering times of the order of I / 2  h were cited. 

(100) Surface [AI-15 to AI-24, AI-26 to AI-29]. Many studies [AI-16, AI- 
18. Al-19 AI-21, AI-23] dealt exclusively with the (lfi0' surface, and the other 
reports cited above treated the (100) surface in conjuJl~.i,on with other low-index 
planes. Essentially, the same procedures used for clear.ing the polycrystalline 
surface were shown to be successful for cleaning tl-,e (100) surface. Some 
authors used heating to 873 K without sputtering as a cleaning step [AI-26. 
AI.28]; all others used ion (neon [AI-20], xenon [AI-191) bombardment and 
annealing c'.¢cles. Most investigators used ion bombardment at r t~m tempera- 
ture and annealed at 723 K; but some investiga~.ors raised the target tempera- 
tures during ion bombardment (a73 K [AI-29], 673 K [AI-231) and others 
preferred ar, annealing temperatur e of 805 K [A~- 16. AI- 19]. 
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(110) S.irface [AI-15. AI-17, AI-20, AI-22 to AI-30]. One research report [AI- 
30] dealt exclusively with the (I 10) surface; d~e others treated the ( 1 !0) surface 
in conjunction with the other low index planes. The (110) surq~ce was subjcct 
to faceting and produced, i:~ general, less satisfactory LEED patterns than 
either the (100) or the (111) surface [AI-30, AI-27]. The cleaning procedures 
used were the same as those described above /or  the (100) surface. 

(111) Surface [AI- 15, AI- 17, AI-20, AI-22. AI-24 to AI-34]. Several groups 
studied the (111) surface exclusively [AI-25. AI-31 to AI-34]. (.)ther researchers 
dealt with the (I11) surface in conjunction with other low-index planes 
[AI-15, AI-17 to AI-24, AI-26, AI-28, AI-29]. The UHV cleaning procedures were 
the same as reported for the (100) and (110) surface. 

(421) Surface [AI-35]. A clean surface ~',as obtained by a series of argon-~on 
bombardment and annealing (823 and then 893 K) cycles. 

Americium, Am (hex, T.., = 1267 K) 

We found no surface studies on bulk or thin-film americium. 

Antimm~y. Sb (rhdr, T m := 1267 K) 

Ahh~-,ugh no surface studies on pol2rcrystailine antimony were found, clean- 
ing procedures for three single crystal planes consisted of cleaving a n d / o r  
sputter--a,~neal treatments. 

(0001) Surface [Sb-I,Sb-21. Antimony has been cleaved to yield (0001) 
surfaces in air and dry nitrogen. These surfaces were immediately transferred 
into UHV systems and produced a well-defined LEED pattern [Sb-I,Sb-2 I. 
The small oxygen contamination was removed by argon-ion sputtering (200 -300 
eV. few ,o,A/cm z. I rain). This surface plane is relatively inert to residual gases 
since no oxygen or carbon contamination was observed over the 6-10 h period 
required for XPS measurements [Sb.I]. Anneals for a few hours at - 5 2 0  K 
have been shown to improve surface structere as indicated by improved L EI-D 
patterns. 

t0112) and (11Z,0) surfaces [Sb-2], In LEED-only studies the (01i2) and 
(I I~,0) surfaces were given the same sputter- anneal treatment used for thc 
(9001) plane to impro,/e the LEED pattern; however, inclineo facets in the 
(0112) plane caused maverick LEED beams whereas this surface had a 
well-defined LEED pattern before any treatment. The (1120,~ surface yielded a 
LEED pattern, which indicated a reconstructed surface, only after the treat- 
ment. 

Arsenic, As (rhdr. T~ = 1090 K) 

Arsenic is not a UHV-compatible material b~'cause of i:s high vapor 
pressure (10- 2 Pa at 483 K). However, this high vapor pressure proved useful 
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for preparation of an atomically clean (0001) crystal plane for LEED, AES, 
and XPS investigations. Impurities of concern were carbon and oxygen. An 
air-cleaved arsenic crystal was heated to 493 K in vacuum to evaporate the 
oxide and all surface impurities. "rh. ~ sample was su rr~t, nded by cold s,arfaces 
to condense the arsenic vapor and i:revent contamination of the UHV system. 
The amount of carbon and oxyges~ c.n cleaned arsenic surfaces did not increase 
with time of exposure in the UHV .,.ystem [As-l, As-2]. 

Barium, Ba (be.c, T,~ = 998 K) 

We found no surface studies on bulk barium; however, evaporated films 
have been investigated. 

Beryllium, Be (hcp, T~ = 1551 K) 

Removal of silicon is the most difficult part of the cleaning procedure; the 
difficulty increases with increasing concentration of silicon in the bulk [Be-I]. 
Cleaning was usually accomplished by repfated cyzles of argon-ion sputtering 
and annealing. 

Polycryslalline surface [Be-I, Be-2]. For beryllium containing less than I ppm 
silicon, several cycles of argon-ion sputtering and Imnealing at ~ess than 900 K 
were sufficient to produce a clean surface; however, long-term a mealing at 
1240K resulted in resegregation of silicon on th~s surface [Be-li. Beryllium 
with 60 and 600 ppm silicon was also cleaned by the above ~putter- anneal 
procedure, but lower temperatures were ,ufficknt to bring silicon to the 
surface. A temperature of 1070K was high enough to create a silicon- 
contaminated surface for a bulk impurity l.~.vel of 600 ppm silicon. Evidence 
exists for the segregation of the silicon in a layer on top of the I:eryllium [Be-2]. 

(0001) Surface [Be-3, Be--4]. Cy:.les of argon-kn bombardment (0.6 or 3 keV, 
few/~A/cm 2, 1-2 h, 300 or 1070 K) and anaealin;z (I D20-1070 K, ~ 1 h) have 
produced clean surfaces. 

Bismuth, Bi (rhdr, T m = 544 K) 

A clean (0001) crystal fro: was prepared 1or LEED. AES ~Lnd ELS studies 
by removing carbon, oxygen and chlorine ~ith ar3on-ion bomoardment (150- 
175 eV, 5/~A/cm, 6h)  and a UHV anneal (510K) [Bi-ll. Sharp LEED 
patterns of the (0112) and (! 120) planes were produced by a s,milar argon-ion 
bombardment  (300 eV, 1-2 taA/cm 2) and UHV annealing (523 K) procedure, 
however, surface purity was not verified by an element-specific analytical 
technique [Bi-2]. 

Boron, B (a rhdr; fl rhdr > 1470 K, T m = 2350-2500 X) 
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Boron is commerciaily available in both polycrystalline and single-crystalline 
forms. Although the main crystal structu-e is rhombohedral, other crystal 
structures have been reported to exist. The exact temperatures for the various 
phase transformations art: not well known. For the few sucface studies re- 
viewed, carbon and nitrogen impurities were the most difficult ~o remove. 

Polyc.~'stahine surfce [B-I]. A polycrystalline sample produ~,ed by fusing 
1 p,m particles in a solar furnace showed, zdter various alternate cycles of beat 
treatment and ion bombardment, an Auger spectrum free of chlorine, sulfur 
and phosphorus but containing small oxygen and carbon peaks. 

(001) Surface and surfaces parallel to the C axis [B-2]. Crystals were heated 
indirectly by radiation from a hot iungsten filament mounted behind :he 
sample or by a quartz-iodine lamp. During the heat treatment (923- 1023 K, 
5 rain) the vacuum was < i × 10 's Pa. "[races of carbo::, oxygen and nitrogen 
were still visible in the Auger spectrum even aCter a heat treatment at ; 123 K. 
No LEED pattern could be seen. 

(111) Surface [B-3]. Heat treatment at high temperature was used to obtain a 
clean ordered st~rface. After heating to 1473 K, large amounts of oxygen and 
carbon still remained at the surface, and the LEED pattern showed a com- 
pletely disordered surface structure. Oxygen completely disappeared after 
heatia~ f ~r some minutes ai 1573 K. To remove carbor, and to obtain a good 
LEED pattern, temperatures higher than 1673 K were found to b,, necessary. 
Heating to 1823 K did not seem to improve appreciably the surface condition; 
the standard treatment was to heat at 1723 K for I rain. Nitrogen could be 
removed by argon-ion bombardment but reappeared after the high tempera- 
ture anneal necessary to obtain a regular surface structure. The minimum ratio 
between nitrogen and boron Auger peaks was about 1 : 50. 

Cadmium, Cd (hcp, T m = 594 K) 

No bake-out of the vacuum system conjoining cadmium is possible due to 
the high vapor pressure (10 -9 Pa at 293 K) and the low melting point (594 K) 
of cadmium. In common with other soft metals, cadmium was easily cleaned. 

Polycrystalline surface [Cd-1 to Cd-4]. Specimens cut from 99.999% cadmium 
ingots were mechanically scraped with an oxide-free tungsten c,~rbide blade in 
a preparation chamber at ~ 10 -6 Pa and transierred to the measuring cham- 
ber without breaking the vacuum. Photoelectron spectra of scraped specimens 
showed no trace of the oxygen Is line and only slight traces of the carbon is 
line [Cd-I]. Sputter cleaning with argon ions at 3keV has also produced 
surfaces free of contaminants [Cd-2]. Scraping or ra~cromilling with a rotating 
diamond is preferred whenever it is important to keep the vacuum system free 
of cadmium contamination [Cd-3, Cd-4]. 

(0001) Surface [Cd-5]. After ion bombardment (700 ,:V, 3 p A / c m  2, 295 K, 
24 h) the Auger spectrum showed no traces of saifur, nitrogen or oxygen. A 
small carbon peak, if present, could have been concealed by the metal peak at 
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285 eV. The clean surface LEED pattern was well ordered and had a high 
background intensity, as expected from metal with a low melting tempera- 
ture. 

Ca~ium, C a ( ~ c . T ~ =  1112 K) 

We found no surface studies on bulk c.alcium. 

Carbon, C 

Bulk carbon exists in four forms: amorphous, glassy, graphitic and di- 
amond. Consequently, the review is divided into four parts. 

Amorphous carbon 
Amorphous :arbon surfaces have been produced by evaporating high purity 

carbon under IJHV conditions or by ion bombardment of graphitic carbon 
surfaces. 

Glassy carbon [C- I l 
A contamination-free surface of glassy carbon has been produced '9y 

fracturing a disk-shaped ingot under dry nitrogen in a glove bag and inserting 
it directly into UHV spectrometer without exposure to the atmosphere. 

Graphiti: carbon (hex, T,, : ~ 3820 K) 
Gral~hite surfaces are v e ~  rensitive to ion bombardment. A do:,e of 3 × 1015 

argon ions /cm 2 (300 eV) led to a completely amorphous surface [¢-21. A 
temperzture of 1773 K was necessary to anneal the radiation damage. 

(0001) Surface [C-2 to C-10J. Many ,~uger electron spectroscopy and LEF:D 
experiments have shown that the basal plane (0001) is an inert surface. At least 
one group [C-lOi t.as shown by LEED that there is no chemical adsorptien of 
H20, CO, oxyger0 iodine or bromine on the (01301) surface or graphite in UHV 
at 300 K. An r.;r-cleaved (0001) surface inserted quickly into a vacuum system 
and annealed (723 K, 5 h) produced a clean surface as judged by Auger 
spectroscopy lC-4]. However, neither Auger spectrcscopy, nor LEED, ncr the 
growth pattern of inert gases condensed on the surface was established as the 
most sensitive test of surface cleanliness. Use of the gold decoration technique 
under UHV conditions [C-9] demonstrated that surfaces, undistinguishable by 
these conventional techniques of surface analysis provided different reaction 
site densities. Furthermore, the reaction site density depended on the number 
of charged particles (from ion gauges, ion pumps, etc.) that impacted onto the 
surface. The gold decoration technique does confirm *.he observation made 
earlier by A.ES: an Mr-cleaned (0001) surface is slightly contaminated, and the 
contamination can be removed by annealing (723 K, 5 h). This low annealing 
temperature reflects the weakness of the adsorbate-substrate interaction. In 
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contrast, a UHV-cleaved surface exposed for 24 h to a UHV vacuum system 
hav2ng sources of free charges must be annealed at 1273 K; unfortunately, the 
resulting surface was still not perfectly clean. One must conclude that a clean 
(0001) graphite surface can be maintained only in a charge-free UHV system. 
If the sample is cleaved under a nitrogen ap'mosphere and placed within 
seconds under vacuum, contamination of the cleaved surface is avoided ahnost 
completely. 

(1010) and (11ff0) surfaces [C-11]. The (10/0) and (1120) surfaces fractured 
in air and analyzed within minutes by X-ray photoelectron spectrosc~,py 
showed, in contrast to the (0001) planes, considerable oxygen contamination. 

Diamond (cub-dia) [C-12 to C-15] 
The (100), (110) and (11 I) surfaces of diamond have been studied. Produc- 

ing a crystalline surface for this allotropic form of carbon was more difficult 
than cleaning it. All authors agreed that ion sputteritJg was useless, because the 
damage generated could not be annealed out without graphitizing the surface. 
Therefore, all authors used an annealing procedure for cleaning. For high 
purity '3iamond, annealing in UHV ( <  10 }~ Paj between 1173 and 1573 K 
produced clean surfaces. 

Cerium, Ce (fcc, T m = 1072 K) 

Polycrystalline samples of 99.9%-pure cerium have beer. cleaned by cycles of 
argon-ion sputtering (1 keV, 10 # A / c m  2) and low temperature annealing, 
(temperature not specified). The main residual contaminants on the surface 
were determi"ed by soft X-ray appearance spectroscopy. Af',er four clear, ng 
cycles, all the impurities which were observed between excitation potentials of 
50 and 1500V, except oxygen and zirconium, had been reduced below the 
sensitivity of the instrument. Additional cycles did not further reduce tile 
presence of these two impurities [Ce-I}. A more recent study also made use of 
argon-ion sputtering (900 eV, II #A) to produce clean surfaces on cerium 
(99.9% pure) as verified by XPS [Ce-21. 

Chromium, Cr (bcc, iT m = 2130 K) 

The major impurities found to segregate onto chrom,um surfaces ( ~ 99.99% 
pure) during in-situ cleaning processes were sulfur, carbon, nitrogen, oxygen 
and chlorine. Oxygen was somewhat difficult to detect by AES because the 
oxygen (KLL) peak at ~ 512 eV is located between two major chromium peaks 
with almost equal sensitivity factors, i.e., the LMM peak at - 484 eV and the 
LMV peak at .- 529 eV. However, the Cr(MMM) transitions at - 37 and - 41 
eV were ver~ sensitive to minute traces of contamination [Cr-l]. In general, 
cleaning of chromium was accomplished by a combination of argon-ion 
bomb~ardmen; and annealing as detailed below. 
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P¢lyc~.stalline surface. The only studies ,x,e located were o,I evaporated 
fil -ns. 

(100) Surface [Cr-I o Cr-4]. Iterations of argon-ion sputtering ( ~  500 eV. 
3-5 irA, 1000 K [Cr-l] or 300 K [Cr-2]) followed by annealing in UHV (900 K 
[Cr-I] to 1170 K [Cr-2]) led in one case to a clean, unreconstructed surface with 
a (1 x I) LEED pattern [Cr-I] and in another case to a clean, reconstructed 
surface exhibiting a c(2 x 2) LEED pattern tCr-2], A c(2 × 2) reconstructed 
surface was also observed when the following cleamng routine was used [Cr-3]: 
Outgas sample (670 K, several h), .~putter with argon ions (I.5 keV). heat in 
UHV ( ~  1170 K). cool, and repeat the sputtering until the near surface region 
is depleted of sulfur. To deplete nitrogen in the near surface region, heat in 
UHV ( ~  970 K. several days) and then perform a final anneal (670 K, 15 rain). 
An argon-ion bombardment (450 eV, 4 # A / c m  2) and annealing cycle per- 
formed for an unspecified number of times, produced a (1 >'~ I) LEED pattern 
that appears to have been staoilized by sulfur [Cr-4]. Temperatures between 
870 and 1070 K drove carbon and sulfor from the bulk to the surface. 

(110) Surface [Cr-1. Cr-5, Cr-6]. The CI10) surface was cleaned by argon-ion 
bombardment (600 eV, 3-5 p.A/cm 2. 1000 K) and annealing (900 K) while 
removing the argon gas used for cleanir.g [Cr- I]. Some authors used variations 
on the basic sputter (500 eV, 25 .aA. 300 K. 30 rain [Cr-5]: 2000 to 500 eV 
[Cr-6] and annealing (670 K, 15 rain [Cr-5l; 870 K [Cr-6l) cycle. Clean (I 10) 
surfaces with (1 × 1) LEED patterns were produced in all cases. 

(111) Surface [Cr-7]. Clean. unreconstructed (111} surl'aces have been pro- 
duced by removing the initial oxide coating using argon-ion bombardment 
(starting at 8 keV, 60 t t /cm 2 and gradually lowering the voltage and beam 
current to 2keV. 5/~A/cm2). This was followed by alternately heating the 
sample in U HV (!170 K) and argon-ion sputtering (2 keV, 5 v A/cm-')  until 
heating (770 K, 15 min) did not result in further impurity segregation to the 
surface. 

Cobalt, Co (hcp; fcc>693  K, T m = 1768 K) 

Cobalt is difficult to clean because it undergoes a hcp-to-fcc phase transi- 
tion at 693 K. This means that cleaning must be done below this temperature 
for single-crystalline specimens. However, several authors reported obtaining 
sharp LEED patterns after brief anneals above the transition temperature 
[Co-I to Co-5]. The most common impurities found on the surfaces of cobalt 
samples (99.999% pure) were sulfur, oxygen, chlorine, carbon and nitrogen. 
Carbon ~vas the most persistent and difficult to remove, Sputtering with 
low-energy argon ions was reported to be effective in removing oxygen and 
chlorin ~. but not ~,arbon [Co-l, Co-4]. Similar sputtering with neon ions effec- 
tively removed carbon and oxygen [Co-i,Co-2.Co-4], The same result was 
achieved with a I keV I,a'ypton-ion beam [Co-31. 

Polycrystalline surjace [Co-1. Co-2, Co-6]. Polycrystalline specimens could be 
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cleaned by heating in oxygen (900 K, 1.3 × 10 "~ Pa). bombarding with neon 
ions (530 eV, I p.A/cm 2, 600 K) and then annealil~g ( 1000 K, 15 I1) [Co-II. 
LEED studies indicated that 90% of a surface cleaned in this way had 
recrystallized into - I mm crystals with surfaces oriented parallel to the (0001) 
plane, while the remainder had (1012) surface orientations [Co-I.Co-2]. 
Sputtering with argon ions at 3 keV also produced a c!e~n surface ICo-6]. 

(0001) Surface [Co-I to Co-3. Cc-7 to Co-9]. Sputtering with neon ions (530 
eV, I p.A/cm 2) at elevated temperatures (600 K) followed by cyclical annealing 
between 650 and 800 K produced clean (0001) surfaces that yiehtcd sharp 
LEED patterns [Co-1,Co-21. Krypton bombardment (1 keV. 300 laA,/cm2, 
300 K, 15 h) with intermittent anne~.ling al 90t)K in UI-IV also proved to be 
effective in producing a clean, well-ordered surface [Co-3]. Clean (0001) 
surfaces have also been obtained by many iterations of inert-gas-ion bombard- 
ment (500 eV, - 200 tLA/ m 2 ) and annealing (620 K) for a total of 15 h el ion 
bombardment and 25 h of annealing: this was followed by 20 h of annealing in 
UHV at 620 K to improve the ordering of the clean surface [Co-7, Co-SJ. One 
author [Co-91 used a multistep procedure that included (a) removal of oxygen 
with argon-ion bomba;dmer.t or heati'ag in hydrogen, and (b) removal of 
carbon by heating in ~ 3 × iO 6 Pa oxygen at 590 K. At pressures greater than 
2 × 10 -3 Pa. oxygen was found to remain on the surface [Co-91. 

(1010) Surface [Co-3]. Sputtering with krypton ( I keV, 300 # A , / c m  ~, ~ 15 h. 
300 K) coupled with intermittent anneals at 900 K was an ,:ffective method for 
cleaning this crystal face. 

(1012) Surface [Co-4]. A cycle of neon-ion bombardment (300 eV. 600 K) 
followed by annealing at 700 K was continued over a period ~;f several weeks 
to eventually produce a carbon-free surface. 

(100~ Surface ICe-10, Co-! I]. One set of authors reported on the clcanin~ of 
a cobalt sample in the fcc f~rha at room temperature; therefore heating past the 
transition temperature was not a concern. Furthermore. tl~e crystal did not 
zeturn to the hcp form if it was cooled quickly; but it was quite difficuh to 
r~,move carbon from the surla::e. The reaction of surface carbon with up to 

10-4 Pa oxygen at temp"ratures up to 1020 K was so slow that carbon 
actually enriched on the surfa "e. It was found that argon-ion bombardment 
(150-180 eV) and annealing at 420K would produce a clean, well-ordered 
surface, 

Copper. Cu (fcc. T m = 1356 K) 

The impurities most commonly observed on polycrystalline [Cu-l] and 
single-crystalline [Cu-2, Cu-31 copper surfaces were carbon, oxygen and sulfur. 
Chlorine and nitrogen were also detected on the (11 I) crystal plane [Cu-3J. 
Most investigators used repeated cycles of low cqergy ( 4  600 eV) argon-ion 
bombardment and annealing in UHV (600-1000 K) to clean single crystal 
copper surfaces. 
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Po!ycrystalline surface [Cu-1]. Low-temperature hydrogen-ion bombardment 
wa:i used to prepare a clean polycrystalline surface wthout a high temperature 
annealing step. Omission of the annealing ¢tep prevented segregation of the 
bulk impurities to the surface. The chemical reactivity of the hydrogen ions 
enhanced the cleaning process, and the low mass of the ions contributed to 
minimized surface damage from ion bombardment. AES revealed that all 
carbon and sulfur had been removed after only ! h of ion bombardment (800 
eV, 10#A/cm2). A trace of oxygen remained on the surface even after 16 h of 
ion bombardment. 

(100) Surface [Cu-2, Cu-4 to Cu-9]. Clean (100) crystal planes were prepared 
by se.~eral cycles of low energy argon-ion bombardment (500-550 eV, 
1 t~A/cm 2) and annealing in UHV at 700 to 850 K tCu-4 to Cu-61. Clean (100), 
(!10) and (111) crystal planes were prepared by cycles of 3keV argon-ion 
bombardment and 1000K UHV anneals [Cu-7]. Other investigators also 
reported preparing clean (100) crystal planes with arg,3n-ion bombardL ent and 
UHV annealing [Cu-8, Cu-91. Another cleaning procedure for the (100) surface 
consisted of heating the crystal in oxygen (800 K, 1.3 × 102 Pa) to remove 
carbon and sulfur followed by heating in atomic hydrogen to remove the 
surface oxide [Cu-2]. 

(110) Surfaces [Cu-10 to Cu-13]. Cycles of argon-ion bombardment (600 eV, 
5/~A/cm 2) and UIIV annealing at 723 K were used to prepare clean (I 10) 
surfaces [Cu-10]. Other investigators also reported using cycles of argon-ion 
bombardment and annealing (650-1023 K) but failed to give any other details 
ot their procedures ICu-I 1 to Cu-13]. 

(111) Surface [C--3, Cu-4, Cu-7, Cu-9]. Sulfur, chlorine, carbon, nitrogea 
and oxygen impurities were detected with AES on a (~ II) crystal surface 
[Cu-3]. These impurities could be removed by argon-ion bombardment (100- 
300 eV, 109 p.A/cm 2, 20 rain) and annealing (573-723 K) in UHV. However. 
the carbon and sulfur contamination on the surface increased by diffusion 
from the bulk when the sample was heated between 773 and 1023 K in UHV. 
The amounts of carbon and sulfur on the surface decreased when the sample 
~vas healed above 1023 K. 

,'3!1) Surface [Cu-14!. A (311) plane was cleaned with cycles of xenon-ion 
bombardment (.~00 eV, 1 ~ A / c m  2, 2 h'J and annealing (650 K, UHV, I h). A 
total of 16 h of :on bombardment ~as required to remove all traces of carbon 
and oxygen from the surface. 

Dysprosium. Dy (hex, 7m = 1685 K) 

We found no surface studies on bulk dysprosium. Dysprosium has been 
evaporated to form films. 

Erbium, Er (hcp, T m = 1802 K) 
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We found no surface studies on bulk erbilim. Erbium has been evaporated 
to form films. 

Europium, Eu (bcc. T m : 1095 K) 

We found no surface studies o r  bulk europium. Europium has been 
evaporated to form films. 

Gadol;,tium, Gd (hcp, T~ = 1586 K) 

Polycrystalline samples of gadolinium were found by AES to contain "'small 
amount~'" of carbon and oxygen after cleaning by repeated argon-ioa 
bombardment and low temperature annealing (conditions not specified) [(}d-I1. 

Gallium, Ga (orth. T,, = 303 E.) 

Gallium is a liquid i~t slightly above room temperature; however, it is a 
UHV-compatible material with a vapor pressure ol 1.3 × 10 -7 PA at 840 K. 
The only surface study on gallium found in the literature was one using AES 
with imaging capability to study the surface of a liq,Jid gallium drop held in a 
pyrolytic tarbon cup [Ga-1]. When the gallium was heated to 600 K its surfatc 
became almost free of carbon and oxy~,en. Surface precipitates (maioly carbon, 
gallium oxide and occassionally sulfur) were first observed when the gallimn 
was coo!ed to 390 K. These precipitates slid down Ihe drop and accumulated 
near the edge of the carbon cup. The thin oxide and carbon overlayer on t~le 
liquid gallium could be cleaned by ion bombardment (3 keV, 20 i~A/cm ~'). 
Unexpectedly, impurity precipitates originating ous ide  the ion impact area 
migrated into the impact region. Thus. an area htrger than the actoai ion 
impact area was cleaned by ion boml:ardmen:. Th~ impurities collected near 
the carbon cup were redistributed by hea~.ing to 600 K, then cooling to :;0O K. 
The entire liquid gallium surface was cleaned by a "few" sequences ~*f ion 
bombardment followed by temperature cycling. 

Germanium, Ge (cub-dia, T m = 1210 K) 

Few surface studies on germanium were found that included both an 
element-specific technique for surface analysis and a cleaning p,'ocedure. 
Single crystal surfaces have been prepared using one of three possible proce- 
dures: ion bombardment and annealing, cleaving in UHV, or gr.)wth and 
evaporatioa of a sulfide layer. 

Polycrystalline surface. No surface studies we~'e found on polycrystalline 
germanium. 

(100) Surface [Ge-i]. Neon-ion bombardment and a short anneal at 1073 K 
produced clean (100) surfaces. 
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(110) Surface [Ge-2, Ge-3]. A clean (110) cry,aal face was prepared by 
evaporating a previously grown sulfide film in the UHV system at 623 K. 
However. there was no documentation for the purity of this surface with an 
element-specific technique. This method allowed preparation of a clean surface 
at a lower temperature than was possil:le by argon-ion etching and annealing 
[Ge-3l. 

(111) Surface [Ge-4, Ge-5]. A clean (111) crystal face has been prepared by 
cleaving in vacuum. 

Gold, Au (fcc, T., = 13~7 K) 

High purity gold (99.999%) is connnercially available in polycrystallin~ and 
single-crystalline form,;. The major co:ataminants important in preparing .;lean 
surfaces are carbon, sulfur and calcium. 

Polycrystalline surfilce [At,-I to Au-5]. An effective cleaning cych: for 
calcium-free materizl consisted of a series of heatings at 1000 K: 6 h in vacuum 
of less than 6 ~< 10-s  l'a, then 24 h in 6 × 10-3 Pa oxygen, and finally ~; h in 
6 x 10 - 3 Pa hydrogen [Au-2]. If the raetal contaioed calcium, sputter cleaning 
was essential to obtain a rlean surface. One recommendation was that the 
sample be subjected to alternate cycles of heating, exposure to oxygen and ion 
bombardment in various combination,,; over a long period of time [Au-3]. The 
purpose of this treatment was to purify the gold sample by continuusly 
segregating calcium at the surface where it could be removed by ion bombard- 
ment. The temperature of the target during exposure to oxygen at 5 < 10 5 Pa 
was 873K. Cycles of heating under ultra-high vacuum ( T >  1073 K), ion 
bombardment and annealing at 873 .K have also been effective [Au-4]. 

(100) Surface [Au-6 to Au-10]. All rnvestigators produced clean surfaces by 
repeated cycles of argon- or xenon-it~n sputtering [Au-5. Au-6] and annealing 
(500-1000 K). Annealing temperatures close t~, :he melting point produced 
irreversible high-temperature surface structures [Au-6J. Heating in ox)gen has 
also been included in the cleaning process [Au-10]. 

(] I0) SurJace [Au-ll  to Au-151. Clean surfaces were produced by repeated 
cycles of ion bombardmer, t and annealing at temperatures from 523 K [Au-I 1] 
to 800 K [Art-12]. A two-slage proces:; has been used to minimize the annealing 
temperature and calcium segregation [Au-15]. In the first stage, the crystal was 
bombarded by argon ions (0.3-3 eV) at a variety of angles and annealed at 
temperatures up to 1073 K. After.th,," contamination was reduced, low-energy 
neo'a ions ( ~  300 eV) were used in the second stage to bombard the sample at 
oblique angles of incidence; this was followed [-v annealing at le,.;s than 573 K, 
which proved to be sufficient to prod.lce a sha  p (I × 2) LEED pattern. 

(111~ Surface and its vicinal~ ]Au-15 to Au-18]. Carbon was successfully 
removed by exposing the surface to ! 0 " 5 Pa oxygen at 973 K for 10 It; all other 
impurities were eliminated by argon-ion sputtering at 773 K [Au..17] or by 
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successive cycles of argon-ion bombardment  at room te;nperature and anneal- 
ing at 973 K [Au-16]. 

Itafilium, Hf (hcp, T m --- 2500 K) 

The major contaminant  found in hafnium foil samples ,,~as zirco.lium 
( ~  3%) that was not effectivel) removed in the refitting process !tlf-I  ]. Hafnium 
is found in zirconium-bearing minerals; aod, because of their nearly identical 
chemistries, these two elements are extremely difficult to separate [Hf-2]. 
Zirconium tended to segregate on ~he surf act  at 1070 K, and became the major 
su:face species in ~< 30s. Other bulk impuritcs that migrated to the surface 
during the heating operation were sulfur, carbon, chlorine and oxygen [1",f-3]. 
Sulfur segregation increased at 1370 K; the sulfur cue, tent of the surface r~gitw 
decreased but did not disappear at 15"/0 K [Hf-4]. Most of the contami~lantr. 
listed above could be removed by argon-ion bombardment  [Hf-I, Hf-3, I-L"-4). 
This suggests that the most effective cleaning method ~ould con,,,ist of a 
prolonged period of sputtering at 1070- 1370 K [Hf-4]. To estimate this perio l 
assume th;lt ~ 1 monolayer of zirconium migrates to the surface in 39s at 
1070--137t) K and that sputtering completely remove~ this layer as it forms: 
then it would take about 20 days of continuous sputtering at t,.mperature to 
remove one-half of the zirconium impurity from a I mm thick samplt  (the 
~ther half of the impurities are assumed to segregate near the opposite surface ~. 

Holmium. Ho (hcp, T m = 1747 K) 

Polycrystalline samples of high purity holmium have been clcant'd by 
argon-ion sputteing and annealed under an X-ray beam. Soft X-r~Jy ap- 
pearance potential measurements showed a weak oxygen peak that pr~.bably 
resulted from the reaction of the metal wilh residua! gases [!{¢.-;]. 

Indium, in (tetr, T m = 430 K) 

Only polycrystalline i rd ium has been subjected to surface studies. Argon-ion 
bombardment  (0.5-5 keV) quickly produced a clean surface, either in the 
molten or in the solid state. This does not imply that the material ~s clean to 
any depth or will stay clean. On solidification from the molten state, sulfur, 
carbon and oxygen reappeared on the surface. Since the melting point of 
indium is low, it is reasor~able to assume that these impurities will diffuse in 
time at room temperature from the bulk to the surface. It is therefore 
recommended that a clean surface on solid indium be prepared b~ many 
repeated cycles of spultering at a temperature above the melting point  and 
solidification [ln-i  to In-5], In-situ scraping laas also been used to create clean 
surfaces [ln-6. ln-71. 
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lri~.~ium, lr (fcc, T m = 2683 K) 

Cleaning of iridium was routinely acc3mplished by heating in oxygen. The 
impurities most often encountered on '-ulk iridium arfaces during the cleaning 
process were carbon, oxygen, nitrogen, sulfur and phosphorus. Studies on 
clean single crystals were complicated by reconstruction in the (100) and t110) 
planes. 

Polyco,stalline surface [Ir-l]. A polycrystal;.ine foil was cleaned by repeated 
heating (1500K) in oxygen ( I . 3 ×  10 ..4 Pa, severalh) and then flashing in 
UHV (1700 K, ~ 20 min) until no impurities could be delected by AES. 

(100) Surface 
A. ( 5 ×  1) reconstructed surface [lr.2 to lr-ll}. A ( 5 ×  I) LEED pattern 
corresponding to a distorted hexagonal overlayer on the normal (100) surface 
reuslted when the (100) surface was st~bjected to alt,;rnating heating cycles in 
oxygen (1400--1500K, 7X 10 -6 to 1.3× 10 -5 Pa, 5-10 min) and in UHV 
( 1500 K, ~ 1 min) until no impurities were detectable by AES [lr-2 to lr-8]. In 
most case3, :he initial contaraination oa the surface was removed b) argon-ion 
bombardment prior to heating in oxygen [lr-2 to lr-7]. Variations on this b,a';c 
procedure included lower temperature (1200-1300 K) oxygen cycle:; [lr-q] and 
higher temperature anneals (2100 K, > I h) [Ir-10]. One author also repeatedly 
obtained a clean (5 :< 1) surface by: (a) heating in UHV ( ~  1670K), (bj 
argon-ion bombardmt:nt (800 eV, ~ 100 p,A/cm 2 ), and (c) annealing ( -- 670 K) 
in UHV [Ir-II]. 
B. (l × l) unreconstvJcted s,:rface [it-2 to lr-6], It has been found that one can 
generate (100) surfaces that reflect the underlying bulk structure by chemical 
means. This involved adding 10-20L of oxygen at ~ 7 ×  10 -6 Pa to the 
previously prepared (5 × I) surface, at 475 K [lr-2] to 670-870 K [lr-3 to lr-6]. 
It was important that the sample be heated to ~ 660 K at some point during 
[lr-3 to Ir-6] or after [lr-2] the addition of oxygen. The foregoing operation 
converted the clean (5 × I) surface to an oxide. At this point, the oxygen was 
removed by the addition of hydrogen (~100-700 K, ~ 10 -5 Pa [Ir-2]; ~ 30 L, 

400 K [lr-3]) or CO ( -  300 L, ~ 400 K) [lr-3 to lr-6]. Gradual heating to less 
than 800K removed adsorbed gases and yielded a clean, unreconstructed 
(I × l) surface [lr-3 to Ir-6]. At temperatures higher than 800K, the (I × I) 
structure converted irreversibly to the (5 × l) structure [It-2]. 

(/10) Surface [Ir-]~2 to lr-20]. The (110) surface is also subject to reconstruc- 
tion as evidenced b~ the (2 × 1) LEED pattern observed for this crystal face. 
The general procedure for cleaning this surface was as follows: argon-ion 
bombard to remove ,.'nitial contaminants, then heat in oxygen ( ~ 8 0 0 K ,  
7 × 10 -6 to 1.3 × 10 -.5 Pa, several rain) and anneal ( ~  1600K) in UHV; 
repeat the heating and annealing cycle until the surface is atomically clean. 
Variations on this prcgcedure were to hokl the sample at 1470 K for several 
days to aid in ~,alcium removal [lr-19] or to anneal at lower temperatures 
(970 K) [lr-20]. 
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(111) Surface [Ir-9.1r-16.1r-21 to lr-30]. No reconstruction has been oh 
served on this face of iridium. The most commonly used cleaning method was 
to remove initial contaminants by argon-ion bombardment, then to heat m 
oxygen (800-110OK, 7 ×  10 '~ to 1.3× 10 '~ Pa) and to anneal in UHV 
(1200-1600 K) [Ir-9. lr-16. Ir-21 to h-27]. One variation on this procedure was 
to conduct the initial cleaning by first heating the sample in oxygen (11(10 K, 

10 -~' Pa), and then bombarding it with xenon ions (600 eV, ~ 2 ,uA,,cm:. 
10-30 rain) before proceeding with the heating c)~:le described above [Ir-28, Ir- 
29]. It was possible tn obtain a cle.,m surface by cycles of argon-ion bombard- 
ment (500 eV, ~ 2 0 0  p.A/cm 2. I h) wilh intermittent flashing to 1770 K anti 
annealing [lr-301. 

(755) Surfuct [1r-25. !r-26]. This surface corresponds to a stepped surface 
consisting of 6-atom wide ( 111 ) tt rraces separatcd bv 1-atom high (100) steps: 
this configuration is stable at temperatures up tc 1470 K. It has been prepared 
by heating in oxygen (770-870 K, 7 ;< 10 s Pa, scxeral rain) followed bx 
flashing in UHV to 1470 K [Ir-25, Ir-261. 

Iron. F,: (bcc. fcc > 1183 K" bcc > 1663 K. 71, , -: !808 K) 

Iron is difficult to clean for two reasons: (I) II1,: bcc to fee phase transition 
at ~ 1183 K necessitates tha'  all cleaning be done below .'hi~ temperatt,rc: (2) 
most commercially available samples have high concentrations of non-metallic 
impurities, p;.rticularly carbon and sulfur. The nominal purity of sing.le crystal 
samples ranged from 99.92~ to 99 995t;c. while most polycrystalline samples 
were nominally 99.999% pure. The :Jse of some form of pretreatment m 
hydrogen to :~emove those impurities that form volatile hydrides increased as a 
function of the openness of the iron crystal face under consideration (i.e. 
increased u:,,: going from (100) to (111) to (110) to poly: ;dl investigators 
pretreated poly with hydrogen). The major contaminants found on single 
crystals from a variety of sources were carbon, sulfur, oxygen, nitrogen. 
r, hosphorus and chlorine (ordered in decreasing amounts). In general, the 
cleaning of iron surfaces was accomplished by removing gross contamination 
~nd oxides by gentle sputtering with argon ions, 1hen depleting carbon, sulfur 
and phosphorus in the bulk by repeated cycles of argon-ion sputtering and 
annealing in UH~ r. Reeleaning between exposures was accomplished by argon- 
ion sputtering and a flash anneal. 

Polycrystalline surface [Fe-1 to Fe-3]. Polycrystalline iron samples hax.e been 
cleaned by argon-ion sputer-anneal cycles [Fe-I, 1%-21 and by the combination 
tff sputter-anneal cycles with oxidation-reduction cycles [Fe-3]. Few details 
were listed for these processes but they can he inferred from the discussions 
below. 

(100) Surface [Fe-4 to Fe-16J. The most frequently used method for cleaning 
this crystal face consisted of cycles of argon-ion sputtering ( ~  500 eV. ~ 20 
p.A/cm 2, 15-30 rain) and annealing in UHV (700-800 K, 1-60 rain) [Fe-4 to 
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Fe-15]. Sputtering was carried out at l',oth el,'v~ted temperatures (600-700 K) 
[Fe.4 to Fe-7] and at ambient temperature [Fe-8 to Fe-15]. This basic cycle has 
been combined with additional chemi(al cleaning steps by heating the sample 
to .-- 770 K and exposing it to oxygen (0.5-- 10 L) followed by oxygen "titration" 
with acetylene [Fe-13, Fe-14] or by heating in either oxygen or water vapor 
(770-870 K, ~ 10 -4 Pa) [Fe-15]. Another meth(.d includ~:d cycles of argoll-ion 
sputtering at 1070 K and annealing at 670 K for 12 h periods for one week and, 
finally, flashing to 970 K [Fe-16]. Sulfur has be~n oberved to segregate to the 
Fe(100) face between 500 K [Fe-6. Fe-12, Fe-131 and 700 K [Fe--4]. 

(110) Surface [Fe-4, Fe-I 1, Fe-17 to Fe-26]. The preferred method for clean- 
ing the (110) surface consisted of t'ae sputter-anneal cycle outlined for the 
(100) plane [Fe-4. Fe-17 to Fe-21], although higher ion energies (1-4  k :V) were 
sometimes used for the (110) plane [Fe-I 1, Fe-22, Fe-23]. In some cases spu:ter- 
ing was carried out at elevated temperatures (921) K, ~ i h) [FEZ4, Fe-20, Fe-22]. 
Variations of the preferred method were to combine the basic ~;eatment 
outlined above with a hydrogen treatment (650 K, 105 Pa) [Fe-241 or to include 
an oxygen treatment (970 K, 7 × 10 6 Pa, several h) [Fe-25] or to combine the 
sputter-anneal  cycle with oxidation-reduction treatments in oxygen (1070 K. 
~. 10 -3 Pa, long periods) and hydrogen (1070K, ~ 10  2 Pa, long periods) 
[Fe-26]. Oxygen and sulfur were observed to concentrate on the surface at 
820 K and above 870 K, respectively [Fe-17, Fe-19, Fe-20]. 

(111) Surface [Fe- 11, Fe-20, Fe-27 to Fe.30 l. The (111 ) surface has been 
cleaned by argon-ion sputtering (250-500 eV, 1-10 FA/cm 2) and annealing 
(9(/ ' -  1120 K) cycles [Fe-I 1, Fe-20, Fe-27 to Fe-30]. The sputtering was done at 
700 K [Fe-20] ,~r at ambient temperature [Fe-I 1, Fe-27. Fe-30]. Sulfur migra- 
tion to the surfac~.s began at 670 K and produced a monolayer of sulfur at 
970 K IFe-27, Fe-29]. Oxygen, carbon and nitrogen were ob~,crved Ic, disst~Ive 
into the I',ulk metal at 720 K [Fe-27]. 

La~lthanum, La (hcp, T m -- 119-1 K) 

Lanthanum foil (99.9% pure) was sputtered in static argon (900 eV. I I p.A. 
6 × 10 - ~ Pa), but the surface was not freed of oxygen ILa-I]. 

Lead, Pb (fcc, T m = 601 K) 

Lead is c,~mmercially available in polycrystalline and single-crystalline 
forms with nominal purity of 99 999%. The major non-metallic impurities are 
carbon, oxygen, nitrogen and h:,dJogen. All investigato~; :iucceeded in reduc- 
ing the surface concentrations ol a,~ygen and carbon to about one percent of a 
monolayer. 

Poly,'rystalline surfa,'e [Pb-I t,) Pb-3l. Polycu'stalline lead foils were cleaned 
by prolonged argon-ioh bombardment (700 eV, 5-10 pA, ~2 .7  × 10 -3 Pa. 
several h) until the ox)'gen Is X[:'S signal fell below the detection level ( ~  0.1% 
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of lead 4f intensity) and the carbon Is. signal had ceased to di zfiaish. Bombard- 
ment of the surface with microwave-:lischarged oxygen ( ~  10 3 Pa, 2450 
MHz, 80 W) followed by further ion ,';puttering reduced this residual carbon to 
a negligible level ( ~  0.1% of lead 4f intensity) [Pb-l]. Polycrystalline surfaces 
have also been cleaned successfully by in-sit ~ ,~craping with a tungsten carbide 
blade [Pb-2] or micromilling with a rotating diamond edge [Pb-3]. 

Single crystal surface [Pb-4]..Single crystal stlrfaces (plane~ not specified) 
were cleaned by repeated argon-ion bombardments (900 eV. 10 p.A. 15 rain). 
All impurity XPS lines were eliminated by this procedure. 

(100) and (110) surfaces [Pb-5]. These surface,; have been cleaned in situ by 
argon-ion bombardment and annealing (430 KL The surface showed no traces 
of impurity at the detection limits for oxygen and carbon. The O(Is): Pb(4f) 
and C(ls):  Pb(4f) XPS intensity ratios were ~ 0.(.01. 

Lithium. Li ',bcc, T,, = 454 K) 

Bulk samplcs of lithium (99.9/% pure) have been cleaned by abrading in 
UHV ,,6th a file ILl-I] and by argon-ion bombardment ( I -3  keV. --5 
# A / c m  :~, 3(,0 K, -- 2.7 h) [Li-2. Li-3]. Sodium segregation to the lithium surface 
at room tem,,:~ratvrc was found to be a major soqrce of contamination ILl-2]. 
To our knowledge, no ,york has been repor, J on single cry~',,-ls of lithium. 

Lutetium, Lu (hcp, T,, = 1936 K) 

Attempts to clean the (100) surface by ion bombardment and annealing 
were unsuccessful because oxygen and carbon segregated at the surface upon 
cooling ~Lu-I]. Clean surfaces have been prepared by evaporation procedures. 

Magnesmm, Mg (hop. T~ =: 1090 K) 

We found two investigations iMg-!,Mg-2] that reported cleaning proce- 
dures for ~;olid metal surfaces. In both studies a polycrystalline magnesium 
surface wzs cleaned by argon, ion bombardment (3 keV) [Mg-1] and annealing 
ir~ vacuum. 

Manganese, Mn (cub, T,., =: 1517 K) 

We were unable to locate any data on cleaning bulk manganese. Cle;tn. thin 
films of this metal have been produced by various deposition techniques. 

Molybdenum, Mo (bcc. T m = 2890. K) 

Sulfur and carbon are the contaminants that must be purged from 
molybdendm to achieve a clean surface. Heating to approximately 800 K for a 
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short tim~ led to sulfur ,egregation on th., (100), ( |  10) and (I 12) surfaces: it 
also ied to carbon segregation on the (110) and (112) surfaces, but not 
appreciably cn the (10(3) surface [Mo-I]. Although AES can be used to 
uniquely monitor the presence of carbon, detection of small amounts of sulfur 
is difficult because of the overlap of the S(KLL) and the Mo(MNN) Auger 
pe.~ks at approximately 150 eV. However. the sum of the amplitudes of the 
suifur and mc~lybdenum pezks (S+ Mo) at 150 eV relative to the purely 
molybdenum peak near 163 eV has been shown to be practically constant for 
incident electron energies over 400 eV when sulfur contamination was quite 
low [Mo-2]. For a fixed incklent energy, the ratio of Anger peak amplitudes 
was monitored as a function of cleaning steps or cycles: the minimum ratio 
was taken as corresponding to a clean sur[ace [Mo-3}, Using the ratio of the 
S +  Mo peak at -15C eV to the purely m,')lybdent:m peak a t -  188 eV, 
published AES spectra of "clean" surfaces have a ratio of less than 0.10 
IMo-3. Mo-~',, Mo-5l. Qoantifying the level ,ff sulfur contamination requires 
careful spectrum modehng and stripping and is not normally undertaken as 
part of a cleaning process. The best established cleaning procedure is reaction 
with oxygen to remove carbon (as CO gas) and possibly sulfur, followed by 
,"lashing to high temperature in UH%. to desorb the molybdenum oxides 
formed. 

Polvcr)'s~alline sur/ace [Mo-6 to Mo-S]. When only sulfur segregated o n  the 
suriace, either arg~m-ion bombardment at elevated temperatures ( -  1200 K). 
heating at 1100-1500 K in oxygen, or flashin t, at ~ 2100 K in UHV has been 
used to clean tSe surface. When carbotl wa:~ present, heating at 1500K in 
1.3 × 10 -4 Pa oxygen followed b) flashing to 1900-2100 K in UHV yielded a 
surface free of carbon, sulfur and oxygen. 

(100) S u l f a t e  [Mo-3, Mo-4, Mo-9 to Mo-14]. Carbon, ox)gen and s dur ap- 
peared on the surface after heatin8 above 1300 K. All three cor, taminan~s were 
removed by repeated application ~bf the oxygen-anneal treatment detailed for 
the polycrystalline surface. A lack of flatness was found for surfaces that had 
been subjected to oxygen-anneal treatments with flashes limited to 1960 K, 
however, prolonged annealing at 2200-2300 K led to a ~attening of the surface 
[Mo-12]. Carbon and oxygen have also been removed by multiple cycles of 
argon-ion bombardment (at 45 ° i'rom surface norma) and annealing at 
1700K; these cycles were preceded by an initial oxygen-anneal treatment 
(heating at 1700 K in ~ 7 × 10 .-4 Pa oxygen followed by annealing at 1700 K 
in UHV) [Mo-10 I. 

(110) Sur face  [Mo-4, Mo-5, Mo-15, Mo-16]. This surface plane has usug:lly 
been cleaned by repeated heating at 1200-1800 K in - 10 -4 Pa oxygen and 
subsequent fleshing at 1900-2200K in UHV. In f i e  case, the oxygen 
treatment was performed at 1800 K, and the oxide was rt:p%'tedly removed by 
heating at 1800K in 10 -2 Pa hydrogen followed b) flashing to 2400K 
[Mo-16]. The usefulness of this hydrogen reduction step appears negligible 
because other.investigators needed only the high temperature flash after the 



1"~.(;. s~'ht .~( ' l  t ' t  ill. / IIr~,l)tlr¢tlttltl  o f  t l l o m t (  t l l l r  ( h , t l l t  s t t l  [(I, ~'~ r63 

oxygen treatment to obtain a clean surface. 
(1,'1) Surface [Mo-4, Mo-17]. The oxygen-.anneal treatment detailed for the 

polycrystalline surface has been used successfully to clean this plane. I-h,~evcr. 
prolonged heating at temperature,: above 1700 K in ~ 7 × 10 ~' Pa oxygen may 
lead to irreversible faceting to (112) planes [Mo-17 I. 

(112) 'durface [Mo-18]. Heating to 1300 K resulted in .,.,dfur scgregation ,,'.11 
the surface but the sulfur disappeared at temperatures above 1500 K. (.'drbort 
was removed by the oxyger~-anneal treatment detailed for the polycrystalline 
surface. 

Neodyl~lium. i<d (he~,; bcc > !135 K. /~,, ~ 1294 K) 

A neodymium crystal (orientation not specified) was "'cleaned" by hcaltiog 
in UHV at 1000K. but SXAPS measurements disclosed that carbon m~d 
oxygen con',amination remained IN,t-I]. It i,, doubtful that this treatment alone 
would produce atomically clean surfaces. A useful procedure should bc cycles 
of argon-ion bombardment  and annealing in UHV. 

Neptuntum, Np (orth; tetr >551 K: cub >773  K, T,,, = 913 K) 

We found no surface studies on bulk ,.~r thin-film nep tun ium 

Nickel. Ni (fcc, T,,, = 1726 K) 

Nickel was the first element to be subjected to surface analysis [Ni-I] alnd 
has been one of the most thoroughly studied elements. For a compilati~m of 
work done prior to the adv, ~t of techniques to verify the state of surface 
cleanlin,:ss, the reader is referred to a useful bibliography [Ni-2l. Surfacc.s 
prepared from nickel samples of  99.99 to 99.9995% nominal purify have been 
found to contain carbon, sulfur and oxygen contamina,lts.  These can usually 
be eliminated by a number of sput ter -anneal  cycles. However. mauv workers 
foand carbon to be very persistant and resorted to high-temperature treat- 
ments  in oxygen for cleaning. The latter treatmen: often left an t~:tygen residue 
on the surface which could be removed in most cases by a high-temperature 
tretment in hydrogen a n d / o r  additional sputter--anneal cycles. The utilization 
of  these chemica I treatments varied with the crystal face. 

Polycrystalline surface [Ni-3 to Ni-9]. Argon-ion bombardment  (no specific 
condit ions listed) ,with periodic annealing to !000 to 1300 K either during 
bombardment  [Ni-3] or in UHV [Ni-4, Ni-5] has been found to produce clean 
nickel surfaces. This basic treatment has also been combined with oxygen 
exposures (900:¢,., ~ 10 -5 Pa, ~ 10012 sJ and hydrogen reducti(-n (900 K. 

10 .s Pa, ~ 1000 s) to remove residual carbon [Ni-6, Ni-71 Removal (~f :;ulfur 
has been effected by sputtering hot nick(:l with hydrogen ions ( ~  2 keV, 10..30 
p .A /c m  2, 920 K) [Ni-8]. In-situ sandin!r, was also used to produce a clean 
surface [Ni-q]. 



164 R.G. ,14u$-ket et aL / Preparation o/ atOnltcalll" ¢'lea,t sarfai'e~ 

(100) Sur face  [Ni-5, Ni-10 to Ni-48]. Many authors found cycles of argon-lon 
sputtering (100-500 eV, 0.3-10 ~ A / c m  2) and annealing (625-1170 K) su ffi- 
cient to obtain clean n:ckel surfaces [Ni-10 to Ni-25]. The number of cycles 
re:ported varied from 15 [Ni-22] to 100 [Ni-II]. Although most researchers 
sputtered with the sample at room temperature, some reported satisfactory 
re.suits with the sample at ~ 6 2 0 K  [Ni-14, Ni-24]. One author reported the 
g~neration of a clean nickel surface by cycles of sputtering with neon ions at 
e~evated temperatures (670-970 K) and annealing (670 K) in UHV [Ni-25]. 
Surfaces cleaned in the manner described above were frequently found to 
obtain ~ 0.05 monolayers of carbon which resisted all attempts at removal. In 
those (;ases, a chemical treatment in oxygen was necessary [Ni-5, Ni-26 to Ni-40]. 
Most groups carried out this operation at pressures from 7 × 10 -7 to 7 × 10  4 
Pa and at elevated temperatures (550-1200 K) [Ni-5, Ni-.26, Ni-28 to Ni-40]; 
however, exposure to oxygen at temperatures above 30(I K has been reported to 
result in solution of oxygen into the bulk [Ni-27]. One interesting variation on 
this procedure consisted of simultaneously bombarding the sample with kryp- 
ton and oxygen ions (no specific c3ndilions listed) [Ni-41]. The use of oxygen 
to aid in carbon removal generaly left an oxygen residue on the cleaned 
surface. This was removed by higl-temperature treatment,~ in hydrogen (950- 
1400 K, 10 -5 to 10 -2 Pa)[Ni-42 to Ni-48]. 

(110) Sur face  [Ni-3, Ni-I 1, Ni-19. Ni-26, Ni-39, Ni-42, Ni-49 to Ni-7~J]. The 
(110) surface wa:; usually cleaned b¢ iterations of argon-ion sputtering (250-.500 
eV, 1-40 p,A/cm 2) and annealing (470-1170 K) [Ni-3, Ni-11.Ni-19. Ni- 
49 to Ni-70] for ap to 100 cycles [Ni-ll].  However, some groups did use higher 
ion-beam energies (2.8-3 keV) INi-57 to Ni-59]. Sulfur was obs;erved to 
segregate to the surface between 870 and 1120K [Ni-51,Ni-53]. Generally, 
repetitions of Ihe sputter-anneal cycle outlined above depleted the sulfur from 
the near-surface region. However, removal of the carbon contamination re- 
maining after many cycles was effected by heat treatments in oxygen gas. This 
step was done at either elevated s2mple temperatures (820-1070 K) [Ni-71, Ni- 
26] or at arr.b;,:,~l temperalure with subsequent heating to 670-.870 K [Ni-72 to 
Ni-74]. Occasio~lally. this treatment left residual oxygen on the surface which 
was removed by reduction in hydrogen (650-1300K, ~ 10 -~ Pa) [Ni-42, Ni- 
45, Ni-46, NI-75 Io Ni-'78]. Carbon and oxygen were also removed by electron- 
stimulated desorption ( 150b eV) at !070 K and 1270 K. respectively [Ni-79]. 

(111) Surfat 'e [Ni-5, Ni-11, Ni-19, Ni-26, Ni-27. Ni-32, Ni-45, Ni-46, Ni- 
80 to Ni-96]. Cycles of argon-ion sputtering (400-600 eV, I - l 0 / , tA /em 2 ) and 
annealing (473- 1200 K) were reported to produce clean ( 111 ) surfaces in some 
cases [Ni-I i, N:~-19, Ni-80 to Ni-85]. Carbon remaining on the s Jrface could be 
removed by oxygen treat~nents (800- 1100 K, i0 -4 Pa) [Ni-5, Ni-26, Ni-32, Ni- 
86 to Ni-90]. In some studies the decarburization p¢ocess consisted of a lengthy 
treatment in oxyg,-n (i 170 K, 10-4 Pa) followed by repofishing of the crystal 
[Ni-86 to Ni-88]. Oxygen adsorption at ~ 300 K followed by flash heating to 
850-120C K was ~ Iso effective in carbon remowd [Ni-27, Ni-42. Ni-91, Ni-92], 
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Removal of residual oxygen was effected by treatment in hy,lrogcn (820 
1300 K, ~ 10 --3 Pa) [Ni-42, Ni-45, Ni-46, Ni-77, Ni-93 to Ni-95]. Clcaning b,, 
heating alone has been reported ( ~  100 cycles. 1450K in UI-IV for 45s) 
1Ni-96]. 

Niobium. Nb (bcc. 7"., = 2741 K) 

Removal of carbon was the most difficult aspect of cleaning niobium 
surfaces. Many investigators found that mere heating for prolonged times 
above 2300 K was sufficient to clean the surface [Nb-I to Nb-4]. An oxygen- 
anneal treatment was found effective by one group [Nb-5. Nb-6]. Argon-ion 
sputtering followed by anneals has also ptoduced clean surfaces [Nb-7. Nb.S]. 

Polycrystalline surface [Nb-1. Nb-2, Nb-5]. Prolonged heating above 2300 K 
in UItV has been demonstrated v~ produce clean surfaces INb-I.Nh-2]. 
Decarburization at 2000 K in 1.3 i- 10 ~ Pa oxygen followed by heating in 
UHV at 230(' K al~o purified the su,'face {.qb-5]. 

(100) Surface [/',Ib-I. Nb-3. Nb-4, Nb-'7, Nb-8]. Heating for several hours at 
2300K in UHV was shown to be quite effective in cleaning this plane 
[Nb-l.  Nb-3. Nb-4 I. An oxygen-anneal treatment was attempted but found 
un:,atisfactory [Nb-31. Ion bombardment with anneals above 2300 K has al,o 
yielded clean surfzces [Nb-7]. Numerous cycles of argon-ion sputtering (0.3- 3 
keV, < 10 #A, /cm" ) and anneals at 1000 K purged the sulfur and carbon from 
the sample but left a small, unspecified amount of oxygen on the surface of a 
crystal having approximately 0.1 at~ oxygen in the bulk [Nb-8]. However, this 
low-temperature procedure may prove effective for higher purity niobium 

(110), (111) and (750) surfaces [Nb-6 to Nb-81. Both heating at 230G K with a 
fl~sh to 2790 K [Nb-7] and oxygen-anneal treatments (similar to thc,se used to 
clean the polycrystalline surfaces) [Nb-6] ha~,e been found effective in cleaning 
the (110) planes. The only documented procedure for the (111) surface is to 
heat it at 2300K in UHV followed by flashing to 2700 K [Nb-7]. A low- 
temperature bombardment-anneal  treatment may prove quite effective for 
ch;aning the (750) surface [Nb-8]. 

O~mium, Os (hcp, T,, = 3318 K) 

in spite of its prominent position in the periodic table, very few surface 
studies have been dov.e on osmium. Atomically clean surfaces of polycry:;tal- 
line osmium have been prepared by repeated cycles of flashing to 1670 14 in 
UHV and bombardment with 2 keV argon ions lOs-l]. 

Palladium, Pd (fcc, T m = 1825 K) 

The main contaminants are sulfur and carbon which segregate on the 
surface during mild heating in UHV. Sulfur concentrations on the surface 
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could be e:~timated di"ectly fro:n AES: but AES detection of less than a 0.25 
monolayer of carbon is difficuh due to overlap of the C(KLL) peak at 
approximately 270 eV and the large Pd(MNN) peak at 279 eV [Pd-I]. Lower 
levels of carbon contaminatic,n ~,ere detected indirectly by CO and CO- 
desorption from a palladium surfr.ce following oxygen adsorption at room 
temp-,~ratuve [Pd-2]. Only 02 ~,as desorbed from a clean surface after oxygen 
adsolption [Pd-2, Pd 3]. The three most effective cleaning technique:; were (I) 
react:on with oxygen to removt carbor, is CO and CO 2 followed b't flashing in 
UHX to desorb the: oxygen as 02, (2) alternate noble-ion sputtering and 
annealing, and (3) combinations of (1) and (2). 

Polycrrslah'ine su.q~we [Pd-4 to Pd-8]. Heating a palladium ribbon to 1500 K 
for a few minutes in UHV was reported to be sufficient o obtain a clean 
surface [Pd-6]. However. most investigators used more complicated cleaning 
procedures. The n~ost effe::;ive oxygen-anneal treatment ,,Jas to heat the 
material at 1000 K in 1.3 x 10 4 Pa cxygen and follow with flashing at 1200 K 
in UHV [Pd-4]. A similar oxygen-anneal t,'eatment with each of the two 
tempe,'atures redu~.,:0, by 200-300 K resulted :n a sample that exhibited sulfur 
segregztion after s~bsequent heating to temperatures above 600 K in UHV 
[Pd-7]. Repeated oxygen exposure and argon-ion bombardment at approxi- 
mately 1200 K were fovnd to provide a clean surface [Pd-5]. Alternate cycles of 
argon-on bombardment (10 keV, I~A/cm::)  and annealing at 900K were 
repeat~d until a clean surface was obtained [Fd-8]. 

HOOj Surface [Pd-I, Pd-9, Pd-lO]. Sulfur and carbon were removed com- 
pletely using argo,~-ion sputtering (500 eV. ~ 5p.A/cm 2, 9~0 K) for about 
300 h per mm of sample thickness followed by annealing at I ',00-1300 K. The 
rate of imp~.,rity removal appeared to be limited by the rate ~f segregation of 
sulfur and carbon on the s,nrface [Pd-l]. in one case, elimination of the last 
traces of carbon required additional heating in oxygen (10t0 K. ~ 7 × l0 -~' 
1':J) followed by brief argon sputtering to remove the oxygen. 

tllO) S~'rface [Pd-3. Pd-ll]. Initial cleaning has been accomplished by 
alternating cycles of inert-gas ion sputtering and annealing [Pd-3. Pd-ll].  
Remaining traces of carbon were removed by treatment Jr, ~ 3  × 10 -~ Pa 
oxygen at 800 K followed by flashing at 1300 K to desorb ox~,gen [Pd-3]. 

(111) Surface [Pd-2, Pd-9, Pd-ll  to Pd-13]. Most investiga:ors found that 
repeated argon-ion sputtering and annealing were sufficient to remove sulfur; 
but complete carbon removal required an additional oxygen-anneal treatment 
¢similar to that given for the polycrystalline surfaces). 

(210) Surface [Pd-9, Pd-I I. F'd-14]. Cleaning procedures were essen.ially the 
:*ame as for (11~) surfaces. 

(311) Surface [Pd-ll]. Argon sputtering and annealing le't some residual 
carbon. 

Phosphorus, P (cub. T m = 317 K) 

We found no surface studies on bulk or thin-film phosphorus. 
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latinum, Pt (fcc. T m = 2045 K) 

The major impurities detected on high-purity platinum single crystal surfaces 
were carbon, calcium and phospho.:us. Other impurittes commonly observed 
on platinum were sulfur, silicon, chlorine and oxygen. Carbon presented a 
special problem because it dissolved into the bulk above 142~ K and preci:~i- 
tared onto the surface below 1348 K [Pt-I]. Carbon has been removed by three 
different procedures: (I) heating in a partial pressure of oxygen [Pt-2l: L2) 
extended argon-ion bombardment iF't-3]; (3) bombardment at elevated temper- 
atures (950-1150K) [Pt-4]. Calciura was foutld to segregate on the surface 
during heating [Pt-5, Pt-6]. Calcium and the other impurities could be easily 
removed by ion bombardmeI_'t or by hea'.ing in UHV [Pt-5, Pt-7]. 

Polycrvstalline surface [Pt-8]. A high purity platinum foil was cleaned by 
heating to 1400K in UHV. a rgonion  .;puttering, heating in 1.3 × 10 4 Pa 
oxygen for 10 rain at 1300 K, and finally annealing in UHV (1300 K, 10-20 
min). Cleanliness was verified by XII~S. 

(100) Surf~2~'e [Pt-2, Pt-7, Pt-9 to PI-16]. Several investigators [Pt-2, Pt-9 to Pt- 
11] prepared a clean (100) crystal face by one or more cycles of heating in an 
oxygen partial pressure (1000-1300 14,, 1 0  "~ --10 " ~ Pa) and annealing in U HV 
(973-1700 K). Others [Pt-7. Pt-12 to Pt-16] added an argon-ion bombardment 
step (300-500 eV) to the treatment cycle. One of the moi'e '.engthy cleaning 
procedures consisted of argon-ion bombardn~ent (300 eV, 2 h) followed by 
anneals in oxygen (1173 K, 7 × 10-"  Pa, 15 h) and in UHV (1373 K, 7 × I0 s 
Pa. 30 h) [Pt-12]. Two surface structures have been observed by LEED c;n the 
cleaned (100) crystal faces after use of simil~.r cleaning procedures: (5 × 1) 
[Pt-2. Pt-9. Pt-12toPt-14] and (5 X 20) [Pt-7, Pt-10, Pt-15, Pt-16]. The reasons 
for this apparent anomaly are not clear at this time. 

(110) Surface [Pt-5, Pt-17, Pt-18]. A clean (110) surface was prepared by one 
or more cycles of heating in oxygen (973--1300K. 10 4 - 1 0 5  Pa) and 
argon-ion bombardment. The ion bombardment was required to remove 
calcium [Pt-5, Pt-18]. Even afte~ annealing the surface in oxygen ( > 11) 4 Pa) 
no oxygen was detected by AES on the reconstructed surface, but ;.he surface 
structure was reported to be a function of the cleaning procedure used [Pt-18]. 
Argon-ion bombardment (5~!0 eV) resulted in an unstable ( I × I ) structure that 
changed to a (I × 2~ structure when heated to 773 K. Heating above 1£:73 K in 
10 " '* Pa of oxyge' ,ulted in a (1 × 3) surface structure [Pt-18]. 

(111) Surface . to Pt-4, Pt-6, Pt-7, Pt-9, Pt-14, Pt-15, Pt-17]. Calcium was 
observed to segrebate on the surface of the (I 11) crystal face above 1400 K 
[Pt-6]; carbon precipitated on the surface when the sample was coole,:l below 
1348 K [Pt-I]. Several cleanir~g prceedure:; have been used to generate clean 
(111) crystal faces: (1) a sec~uence of one or mor¢" argon-ion bombardment:~ 
( ~  500 eV), hearings in o:,'ygen (6"73-1273 K, 7 × 10--4 Pa) and annealing in 
UHV at 1373K [Pt-7, Pt-14]; (2) argon-ion bombardment and heating in 
oxygen (673K, 35< 10 -5 Pa) [Pt..15]; (3) oxygen treatment and annealing 
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without argon-ion bombardment [Pt-2, Pt-6,;'t-9]: (4) cycles of prolonged 
argon-ion bombardment (600 eV) and heating to !400K in UHV [Pt-3}: (5) 
argon-ion bombar~:ment for several hours at 950-1150 K followed by a final 
flash in UHV to 1300K [Pt-4]. 

(112), (113), (133), (122) and (012) sur[aces [Pt-19l. These surfaces were 
cleaned by argon-ka bombardment, heating in an oxygen partial pressure and 
annealing in UHV. 

Pluto.num, Pu (mon; bc mon > 388 K. fc orth > 458 K. fcc > 583 K; bc tetr 
> 7 2 5 K ; b c c  > 7 5 3 K ;  T m = 9 1 3 K )  

The cleaning of plutonium surfaces is complicated by the r~diation hazard 
resulung from alpha particle emission and by the low-temperature a-monoclinic 
to /Lbody-centered-monoclinic phase transition, which is accompanied by a 
large change in density. Interstitial impurities (sulfur, chlorine, phosphorus. 
oxygen and carbon) segregated to the surface during cleaning with carbon and 
oxygen being the most difficult to remove. An oxygen-free surface could not be 
obtained by in-situ scraping with a titanium carbide blade [Pu-I]. AES and 
XPS measurements on a plutonium sample showed that removal of oxygen. 
carbon, chlorine and sulfur was effected by the use of argon-ion sputtering 
( 1 i eV. ~ 130 ,aA/cm 2 ); however, a large amount of chlorine segregated to the 
surface upon heating (773 I~. 30 min) and plutonium carbide was formed from 
res ,  ual gases. After 25 sputter-heating cycles, the surface was estimated to 
have 13 at% oxygen as oxides and 5 at% carbon as carbides [Pu-2]. Because of 
the great affinity of plutonium for oxygen and carbon it is doubtful that a 
surface free of these two contaminants can be produced using the purest metal 
currently available. The following recommended cleaning procedure has been 
formulated based on our experience with thorium and uranium (see refs. [Th 2 
to Th-6] and [U-7]). Remove the gross contamination with argon-ion bombard- 
ment (0.5-4 keV, 1-5 × 10 -" A / c m  2, 300 K), follow with bombardment of the 
sample beginning at temperature near 676 K and continue with gradual cooling 
to room temperature; this procedure may have to be repeated many times 
before a clean surface is produced. Then anneal at a temperature below 676 K 
for several minutes in a vacuum of less than 10 -g Pa. This procedure is 
applicable to polycrystalline specimens only, and the ~..~mple must be mounted 
to accommodate changes in volume caused by the phase changes. For single 
crystalline a-plutonium, the heating temperature cannot exceed 388 K. 

Polonium, Po (mon. T m = 527 K) 

We found no surface studies on bulk or thin-film polonium. 
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Praseodymium, Pr (hex. T~ = 1204 ]< ) 

We found no surface studies on bulk prast.odymium. Praseodymium has 
been evaporated to form films. 

Promethium, Pm (hex, T,.,, :-- 1350 K) 

We found no surface studies on bulk or thin-film promethium. 

Protactinium, Pa (tetr, T,~ := < 1873 K) 

We found no surface .,,tudies en bulk or thin-film protactinium. 

Radium,  Ra (bcc, T m := 9/3 K) 

We found no surface ~tudies on bulk or thin-filn~ radium. 

Rhenium,  Re (hcp. T m = 34.~3 K) 

The majority of the authors surveyed found that rhenium is effectively 
cleaned by heating in oxygen (2000-~T~2500i~ ,  ~ 1 0  4 Pa) and then 
annealing in UHV. Polycrystalline samples subjected to this treatment pro- 
duced crystallites that were oriented parallel to the (0001) plane [Re-I to Re-5]. 
The polycrystalline and sing.le-crystalline samples obtained from various sup 
pliers ranged from 99.95 to 99.995% pure. The contaminants most frequently 
encoutered on rh,;nium surfaces were sulfur, chlorine, carbon and nitrogen. 

Pol.vcrystalline surface [Re-I to Re-9]. Heating in oxygen (2600--2500 K. 
- I0 4 Pa, 2-2411) and then flash annealing in UHV ( 4  2200 K) was ,he most 
cited method for producing clean rhenium ,~urfaces [Re-I to Re-6]. An alter- 
nate method that was also successful consisted of the following sequence: (a) 
conduct preliminary decontamination by argon-ion bombardment (2 keV): (b) 
heal in oxygen (1470 K, 2.7 × 10-6 Pa); (c) flash anneal in UHV (1970 K); (d) 
repeat (b) and (c) until clean [Re-7]. Another variation consisted of argon-ion 
sputtering (2 keV) ar, d annealing ( 1970 K) cycles repeated until a contaminant- 
free surface was obtained [Re-8. Re-9]. 

(0001) Surface [Re-I, Re-10 to Re-14] Unreconstructed (0001) surfaces were 
obtained by healing in oxygen (2200-2770 K, I0 5 - 1 0  .i Pa, ~ 2 min) fol- 
lowed by several flash anneals in UHV (2200-2770 K, ~ 20 s) [Re-1. Re-10, Re 
-11]. Argon-ion bombardment has also been utilized to ~roduce clean (0001) 
surfaces by reperted cycles of sputtering (390 eV, ~ I0 # A / c m  2, 300 K) 
[Re-12] and anneal!ng in UHV (1300 or 1770~4,, 30s) IRe-13] until all 
iwpurities were removed. In one case IRe-13] this procedure was followed by a 
long anneal (15120 K, several h) without segregation of any impurity to the 
surface. One author reported obtaining a clean surface after heating .he sample 
to 1770 K in UHV several times IRe-14]. 
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Rhodium, Rh (fcc, T m = 2239 K) 

Bul:~ rhodium samples of 99.9 to 99.999% puri t j  have been reported to 
contain the following impurities: carbon, sulfur, boron, oxygen, silicon and 
magnesium. Of these, boron was the most troublesome as it migrated to the 
st:rface at - 1 3 0 0 K  [Rh-i to Rh-3]. Pretreatment of the (110) surface by 
annealing the s~mple in flowing hydr,~gen at 1270 K for 90h was reported to 
alleviate this problem [Rh..4]. However, most workers reported methods for 
boron depletion that involved either argon-ion sputtering [Rh-l ,Rh-2,  Rh- 
5, Rh-6] or heat treatments in oxygen [Rh-1, Rh-5, Rh-6]. Heating in hydrogen 
( - 6 0 0 K ,  - 1 0  -.5 Pa) was found to be a good way to remove traces of 
adsorl~ed oxygen in the final cleaning stage [Rh-l, R.h-5]. 

(10t9 Surface [Rh-1, Rh-5}. ~n tile initial cleaning stage, various surface 
contaminants were removed by argon-ion sputtering (5f~O-2000 eV, ~ 5 #A, 
300 K, ~ 10 min;, and carbon was removed by either annealing in UHV or n 
oxygen ( 1 0  4 Pa) at 1000-1270K. This was followed by repetition of tLe 
following steps: (a) argon-ion sputtering (as above); (b) heating in oxygen 
( ~ 1 2 7 0 K ,  - 1 0 - s - - 1 0 - 4  Pa): (c) annealing in U HV at ~ 9 0 0 K  for a few 
m:nutes; (d) heating in hydrogen ( ~ 6 0 0 K ,  ~ 10 -5 Pa). This treatment 
sequence eventually depeted boron in the samples. 

(110) Surface [Rh-2, Rh-4]. Thi.~ surface has been ,,uccessfully cleaned by a 
combination of argon-ion sputtering ( ~ 3 0 0  eV. I0 # A / c m  z, 300-970K). 
heating in oxygen (670- 1300 K, 7 X 10 -6 to 10 -4 Pa), and anne ,ling in UHV 
( 1270-130C~ K). 

(111) Surface [Rh-3, Rh-5, Rh-7]. Argon-ion bombardment ( I - 2  keV. I-10 
ttA, 300-1000 K. ~-10 rain) followed by "high-temperature" treatment in 
oxygen ( ~  10 - s Pa) and flash annealing to 1250-1300 K have been reported to 
produce clean (I I 1~ surfaces. 

(775) and (331) surfaces [Rh-6]. C~rbon was removed by heating to 1270 K 
in UHV. Sulfar has been removed by argon-lon etching (2 keV, 300 K). Boron 
was eliminated by repeated cycles of argon-ion bombardment 7500 eV. 300 K) 
and annealing at 1070K; it was removed from the (331) sur;'ace after a few 
cycles, but many more cycles were required to cleanse the (77.') surface. 

Ruthenium. Ru (hcp, T,, = 25~;3 K) 

The impurities most often found in ruthenium single crystals were carbon, 
sulfur and oxygen. The absence of carbon on clean ruthenium surfaces was 
difficult to confirm by AES because its MNN Auger peak at 274 eV interferes 
with the carbon KLL Auger peak at ~ 272 eV. One method for establishing 
the slate of cleanliness has been to obtain a minimunt in the ratio of 
R = (Ru27 a + C272)//Ru2~5, because the ruthenium Auger pezk at 235 eV is 
free of interfering eff~,.s from carbon [Ru-I, Ru-2]. The lowest R value found 
in a survey of published Auger spectra was 1.57 for the (i 10) surface [Ru-I]; 
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values between 1.85 and 2.05 were more typical [Ru-2 to Ru-4]. The absence of 
CO in the thermal desorption spectra from ruthenium exposed to several 
langmuirs of oxygen has also been used to insure the absence of carbon [R~i-5]. 
/" series of small, temperature-dependent peaks was found between 300 and 
5)0 eV in the Auger spectrum of almo::t all the crystal faces of ruthenium 
[Ru-I to Ru-4, Ru-6, Ru-7]. These peaks could not he ren-oved with up to 
2.)011 of argon-ion sputtering [Ru-6]: they have been interpreted to bc diffrac- 
t,on peaks characteristic of clearl surfaces [Ru-7]. ahhough some ambigmty 
r~.'mains [Ru-4]. The low index planes ~f ruthenium could be cleaned h,, a 
c, mlbination of heating in gas (usually oxygen at low pressures) and a brief 
a,meal at a higher tempeature. 

(001) Surface [Ru-3 t~, Ru-161. Most authors [Ru-3 to Ru-14] cleaned the 
(,J01) plane by re!,~eated,y heating in t xygen (1300-1500 K. 7 × 10 ~'--1.3 × 
10  5 Pa, 10-15 s)' and annealin8 (1500-1630 K. UHV) to remove adsorbed 
c.xygen. An altern~tte rrethod [Ru.15, Ru-16] was to beat the sample in hydro- 
~cn (1.450-1500 K'. --"/~, 10 " 5 Pa). This proced'_" e was reported to remgvc 
adsorbed oxygen completely [Ru-I:;,]. Some authors also carried out a pre- 
hminary cleaning step by submittin?: their samples to argon-ion bombardment 
[Ru-4, Ru-12. Ru-141. 

(110) Surface [Ru-l..'~,u-17, and Ru-18]. Repeated cycles of heating m o~.ygcn 
~ 1500 K. ~ 10 5 to -- 1 0  ~ Pa) and annealing (~ 1400-155~)K) have been 
found to be an effective method for cleaning the (110) plane. 

(10]0) Surface {Rt,-2, Ru-19]. Two methods for cleaning (Iq/0) surfaces 
have been published. In the first, the sample was heated to 1471) K. submitted 
to art;co sputtering, and annealed below 1270 K. This proces: yielded an Auger 
spectr,.m with R -=- 1.85 at 470 K and sharp LEED patterns [Ru-2]. The :~ec,md 
method consisted of a preliminary outgassing at 770 K and cycles of argo~-ion 
bombardment and annealing at 1270--1470 K [Ro-19]. 

Samarium. Sm (rhdr, T m = 1350 K) 

Pol3crystalline samples of samarium have been cleaned by repeated argon- 
ion bombardment and annealing (conditions not specified)[Sm-l]. A ES analy- 
sis of the sample disciosed "'very small" amounts of carbon and oxygen after 
cleaning. 

Scandium, Sc l'fizc. T m = 1814K) 

Preparation of an annealed surface that remains clean at room temperature 
has not been reported. Repeated cycles of argon-ion bombardment and 
annealing at temperatures above I I00 K produced a surface that remained 
clean only as long as the temperature was held above 1100 K. Oxygen. carbon. 
stAfur and chlorine reappeared on the surface when the sample was cooled to 
ambient temperature. This phenomenon was found to hold for polycrystalline 
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[Sc-I], (100)iSc-2, Sc-3] and/,001) [Sc-3] surfaces. In one AES study, the sulfur 
Auger peak increased to a maximum at 850 K, but carbon and sca~adtum peaks 
decreased slightly to a minimum near 850 K with only small changes in the 
oxygen and chlorine ~eaks [Sc-2]. Chlorine disappeared above 900 K. sulfur 
was not observed above 950 K. and oxygen and carbon vanished at 1100 K. 

Selenium, Se (hex, T~., : 490 K,~ 

We found no surface studies ~n bulk oi thin-film selenium. 

Silicon, Si (cub-dia, T,, = 1683 K~ 

Carbon and oxygen are the rrtaj~r impurites on high purity, single-crystal 
silicon surfaces. Carbon is the most dificult to remove because of its low 
sputter yield and its high thermal st~biLty. ~ 'e  found three methods for 
preparing a clean silicon surface [Si-l]: (I) heating above 1473 K, (21 argon-ion 
bombardr~lent and annealing ( ~  1000 K), and (3) in-situ cleaving of a ( 111 ) 
surface. 

Polyc~stalline surface [Si-2]. Polycrystalline surfaces have been cleaned by 
brief argon-ion sputtering (5 keV, 2.5 p.A/cm 2, 10s) without creating any 
surface textt.:re. However, changes ia the surface characteristics were observed 
after 45 s of sputtering. 

(100) and vicinal surfaces [Si-3 to Si-8]. The (100) crystal face was cleaned 
by repeated cycles of argon-ion bombardment (500 eV) and annealing ( I 173 K, 
L'HV) [Si-3, Si-4] or by simply heating the crystal in UHV to 1473,-1523 K for 
15-150 s [Si-5 to Si-7]. Although the (100) vicinal surfaces are quite similar to 
the (100) arrangement, somewhat difference specifics have been used in 
cleaning the vicinal surface. Repeated cycles of argon-ion bombardment (350 
eV, 20 rain) and heating (1375 K, 2 rain, follow~:.l by 1223 K. 30 min) produced 
a clean AES spectrum and an optimized RHI-ED pattern for a (100) vicinal 
surface [Si-8]. 

¢110) Surface [Si-9]. Clean (I 10) crystal faces have been larepared by ion 
b~mabardment or by heating in vacuum. No details were given. 

(111) Surface [Si-I,Si-5. Si-6, Si-10 to Si-13]. A clean reconstructed (111) 
crystal face has been prepared by cleaving in UHV; the resultant ( 2 ×  I) 
LEED stru,zture changed to a (1 × l) structme on heating to 700K and to a 
(7 x 7) structure on heating to 1000 K [Si-l]. The clean ( l i 1)-(7 x 7) recon- 
structed surface was also achieved by argon-ion bombardment (2keV, 
4. t tA/cm 2) and annealing (1073 K, 30 rain) [Si-10]. In morlt of the surface 
studies orl the (111) crystal face, rapid or flash heating t9 1473-1523 K was 
used to prepare a clean ,;urface. Conflictirg reports exist ,an carbon removal: 
heating to only 1183 K in UHV did not remove carbon but produced a carbide 
structure [Si-12]; however', heating in vacuum to 1200 K and sl )wly cooling to 
rc~om temperature resulted in a Si(I 11)-(7 ~.: 7) surface that hed less than 57o of 
a monolayer of carbon [Si-I !]. 
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Silver. Ag (fcc. T m = 1235 I,c) 

Polycrystalline and singM-crystalline samples of silvcr (99.99 to 99.99999;. 
pure), have been found to contain mainly sulfur, carbon, oxygen and chlorine 
impurities. The most commonly used method for establishing surface cleanli- 
ness ha:~ been AES. However. the carbon KVV Auger transition at - 272 eV is 
superimposed on the silver MNN transitions at ~ 250 and 265 eV. In order Lo 
establish the absence of carbon, most investigators relied on the ratio 

R : (C272 + Ag2~o, 2~ )/Ag3o:~" 

since the silver MNN Auger transition at ~ 303 eV is well separated from :m.,, 
carbon Auger features. R values for clean silver have bccn recorded in the 
range of 0.42-0.55, depending on the modulation voltage used In obtain tile 
spectl,lm. There is also an overlap of the N(KLL) pcak~, at - 358 and 360 ,-V 
with the Ag(MNN) peaks at ~ 351 and 356 eV. l h e  cleaning of silver samples 
in UHV was usually accomplished by a combination of argon-ion sputtering 
and annealing. 

ol)'('rvstalline surface fag-1 to Ag-3]. S~lver foils havc been cleaned bv 
argon-ion bombardment fAg-l] at 2keV fAg-2] or by prolonged heating to 
1000 K in UHV fag-3]. Free evaporation of silver took place in the hitter case. 
and the resulting surface consisted mainly of crystallites or!ented in such a wa', 
as to expose their (I 1 I) surfaces. 

(100) Surface [Ag-a I. The initial cleaning of 1100) surfaces has been accom- 
plished by repeating a cycle of argon-ion bombardment (200.-500 eV) and 
annealing in UHV (670K) until sharp LEED patterns and R value.,, of 
0.40-0.45 were obtained. Subsequent cleaning was carried out by heating to 
620 K in UHV. Occasionally, another cycle of sputlering and annealing x~zis 
required. Embedded argon was observed to desorb between 300-450 K. 

¢1101 Surface fAg-3 to Ag-13]. The ( l l0 )  surface has been cleaned by cycles 
of argon-ion sputtering and annealing in UHV. Most of the authors reviewed 
preferred to use a gentle ion bombardment (300-600 eV, 1-3 t t A / c m  2. 300 K) 
fag-3 to Ag-7]; however, others executed this operation at higher ion energicr, 
(1 keV lAg-10]; 5 keV [Ag-I I]~. The annealing temperatares ranged from 670 to 
720 K fAg-4 to Ag-6, ~g-8], although some groups did anneal their samples at 
zt higher temperature (8t;4,:: [~:3-9, Ag-101, 1000 K [Ag-7l). O~ygen dissolved 
into the bulk upon heating a (110) sample in this gas lag-13]. Tellurium 
segregation from tl~e bulk induced a c(2 × 2) surface structure after heating o.'e 
sampl~ above 570 K for the first time [Ag-4J. 

(111,~ Surface [Ag-4, Ag-14toAg-20]. Cycles of inert-gas ion s.,'uttermg 
followed by UHV annealing were commonly used to clean this crystal face. 
Most authors used argon ions [Ag-4, Ag-14toAg-171; howevc one did use 
xenon ions fAg-18]. Sputtering was carried out with ion energies ranging from 
200--500 eV [Ag-4. Ag-14, Ag-181 to 2keV fag-151 and ion currents ranging 
front I -3  /zA/cm ~ [Ag-14.Ag-18] to 40 p.A lag-15 I. Samp,.: temperature 
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during bombardment was 300 K fag-4. Ag-14]. 420 K lag-17 I. or 750 K [Ag-151. 
Annealing was performed in UHV at 570 to 900 K. Heating samples in oxygen 
and then annealing in UHV also produced clean (111) surfaces [A~,-19. Ag-20]. 
Tellurium segregation to the surface created a (¢'3 x v/'3)-30 ° structure after the 
crystal was heated above 570 K for the firs', time; however, the tellurium was 
easily removed by argon-ion bombardment lAg-4]. 

(331) Surface [Ag-21]. Clean (331) surfaces have been prepared by many 
repetitions of argon-ion sputtering (300 eV, I ~.A/cm'-, 3130 K) and annealing 
(750K. UHV). The (311) surface was unreconstructed and was stable to 
< 900 K, the temperature at which evaporation became sigmficant. 

Sodmm, N;: (bcc, T,, -- 371 K) 

We fcund no su "face studies on bulk sodium. However. pure sodium films 
have been r.3utine!y prepared by evaporation techniques. 

Stronttum. Sr (fcc; hcp >488 K; bcc > 878 K. T m = 1042 K) 

Since a thick oxide layer formed on polycrystalline strontium after a few 
seconds of air exposure, the target was mechanically cleaned in a vessel filled 
with tetrachlorethylene, then inserted into the vacuum system under a nitrogen 
atmosphere. The surfact, was cleaned in situ by argon-ion bombardment (total 
ion do:;age: ~ 1A s / cm 2 at 3keV) [Sr-ll. Alternatively. a clean surface was 
generated and maintained by continuous in-situ scraping (Sr-2J. 

Tantalum. Ta (bcc, T m = 3269 K) 

The most frequently foun,t impurities in outgassed tantalum samples were 
sulfur, cartoon and oxygen. Heating tantalum single crystals in vacuum to 
within 10.°6 of their melting point i3 reported to produce clean surfaces. 
However. many groups also used a high temperature treatment in oxygen. 

PolycJystalline surface [Ta- 1. Ta-2]. Carbon and sulfur were removed from 
polycrystalline tantalum by heating in oxygen ( > 2 0 0 0 K .  10 -5 Pa) ITa-i]. 
Sulfur. titanium and scand.um contaminants were removed b) argon-ion 
bombardment, and carbon was eliminated by heating to :, 1400 K in vacuum 
ITa-21. 

(100) Surface [Ta-3 to Ta-5]. The (100) crystal plane was cleaned by heating 
alternately to 2800-3000K and 1800-2000K for I min each [Ta-3.Ta-4]. 
Another method consisted of heating the crystal to 2300 K, first in vacuum and 
then in 1.3× 10 -4 Pa oxygen, ann finally flashing in UHV ( > 2 3 0 0 K )  to 
remove the last of the oxygen [Ta-5], probably by desorption of oxides. 

(110) Surface (Ta-6,Ta-7]. This cr.¢stal face has also been cleaned success- 
fully by heating in UHV to ~ 267G K. It was held at this temperature until the 
vacuum system reached its base pressure [Ta-¢.,, Ta-7]. 
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Tellurium, Te (he;~, T,, = 723 K) 

Reaction of te, lurium with atmospheric oxygen and water vapor is ala 
activated process r,:quiring temperatures in excess of 333 K [Te-l]. Thus it is 
possible to prepar,~ tellurium surfaces in air using polishing or cleaving 
techniques, then transfer the crystal quickly to a UHV vacuum system with 
minimal contaminati 3n of the surface by oxygen [Te-1, Te-2]. The main surface 
impurity was carbon which has been removed by either argon-ion sputtering 
and a~nealing or s,lbl mation of the surface layers of the tellurium. (The vapor 
pressure of tellurium s abt~ut 1.3 × 10 -'~ Pa at 473 K.) ( 'are must be taken 
when subliming tellur.um because some thermal etching has been obsc,ved 
after heating at ,i43 K ~or 15 ~,-in, and marked thermal etching occurred after 
heating at 563 K for 3(~ min [Te-3]. The only polycrystalline surfaces studied 
were thin films evaporated on substrates. 

(0001) Surface [Te-2 to Te4].  By limiting air exposure to I / 4 h  after 
clectropolishing and rin~ ing. these surfaces were found to be clean to the 0.1 
monola~er level for oxy.~en and to a 0.05 rr, onolayer level for carbon using 
electron-e,~cited X-ray analysis ITe-2]. A similarly prepared surlace was cleaned 
by heati~~g at 423 K in tIHV for short periods without thermally etching the 
surface [Te-31. Another e ectrolytically polished surface did not yield a LEED 
pattern after heating to 4"73 K for 1 h, but successive argon-ion sputtering ( 156 
eV. ]p .A/cm 2, 15 min) and annealing (473 K, 30 min) gave surfaces with 
well-defined LEED patte-ns; however, no element-specific analysis was per- 
formed to verify the cleanliness [Te-4]. 

(101-~) Surface [Te-2 to l'e-6]. This surface has been prepared by cleaving ie, 
air or in UHV. Cleaving in UHV produced surfaces that gave good LEED 
patterns [Te-4]. Air-cleave,| surfaces were found to have ~ 0.25 monolayer of 
crbon and ¢ 0.05 monolayer of oxygen after 15 min of air exposure [Te-2]. The 
carbon was removed by ~ither heating in UHV (at a23 K [Te-3] or 548 K 
[Te-']) for a short time t r  by repeated argon-ion sputtering (150-250 eV, 
I p.A/cm z, 1-15 h) and amlealing at 473 K from a few mintJtes to 1 h [Te-4, Te 
-6]. In one study, the election energy Ios~ spectrum continued to change after 
AES indicated a carbon- ~ nd oxygen-free surface. The cleaning process was 
repeated until the energy less spectrum remained constant and AES continued 
to indicate a clean surface ITe-6]. 

(lfflO) Surface [Te-7]. ' ]he chemicall> polished surface was annealed at 
temperatures for which sublimation was small yet sufficient to remove some 
impurities. Ion bombardment (550 eV, 2 p.A/cm 2, I h) cleaned the surface, and 
annealing (523 K, I h) recr3stallized thc surface. 

['erbium, T b  (hex, T,,, = 1629 K) 

Polycrystalline samples of terbium were found by AES to contain "small 
amounts" of carbon and oxygen after repeated cycles of argon-ion bombard- 
ment and annealing (conditions not specified) [',b-I]. 
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Thallium, TI (hcp; bc.: > 503 K, T m = 577 K) 

Samples were cut from 99.999% pure polycrystallinc ingots, and clean 
surfaces were produced by mechanical scraping at a pressure of less than 10 " 
Pa [TI-I]. Immediately after scraping, the carbon and oxygen ls photo.~mission 
lines could not be detected; but the thallium surface acquired deteCtable Is 
photoemission signals from both carbon and oxygen during a 24 h t:eriod in 
the analyzitJg chamber maintained at ~ 10-7 Pa by an ion pump. 

Thorium, Th (fcc: bcc > 1673 K, Tm : 2,'323 K) 

The most common impurities found in high puri~y thorium are sulfur, 
chlorine, phosphorus, oxygen and carbon. The first three are relatively easy to 
remove while oxygen and carbon require extensive treatment. Clean polycrys- 
talline and single-c~,stal surfaces have been produced by argon-ion sputtering 
followed by annealing at temperatures above 675 K. Annealing temperatures 
should be kept below 1673 K where a phase transformation from a-Th fcc to 
B-Th bcc occurs. Once a thorium surface is clean, it is difficult to maintain in 
this condition due to the rapid chemisorption of CO from residual gases in 
v a c u u m  sys tems .  

Polycrystalline 5urfa,'e [Th-l. Th-2]. The segregation of impuri.ies {sulfur, 
carbon and phosphorus) to the surface of bulk polycrystalline thorium has 
been studied in detail [Th-lJ; impurities, present in the bulk in ttte part per 
million range, equilibrate rapldl;, and reproducibly with the surface at eleva.ted 
temperatures. The surface was found to saturate with sulfur at 1173--1373 K; 
this sulfur returned to the bulk at 1373-1443 K. Carbon returned to the bulk 
at ~ 753 K and phosphorus at ~ 1060 K. Extended argon-ion bombardment 
(0.5-5 keV, 5/aA, 5.2 × 10 " 3 Pa, 6 h) and a combination of high temperature 
(400-775 K) and ion bor,abardment was used to remove carbon and o~,'+,~:n 
from thorium [Th-2]. Preparation of clean, annealed thorium surfaces required 
ion bombardment at temperature: above 673 K. 

(100) and (111) sur[aces [Th-3 to l'h-61. Cleansing these crystal surfaces of 
carbon, oxygen and other interstitial contaminants has been accomplished by 
the following procedure: ~,a) removal of gross surface contamination by argon- 
ion bombardment (0.5-4 keV, 10-50 t~A/cm 2. 300K); (b) bombardment of 
the sample, beginning a' a temperatue near 1000 K and continuing during 
gradual cooling to room temperature {repeat until clean surface is produced); 
(c) anneal at a temperature near 1000 K for several minutes in a vacuum of less 
than 10 -s Pa. This procedure is also applicable to polycrystalline samples. 

Thulium, Tm (hop. T., : 1818 K) 

We found no surfac,. ~ studie : on b,dk thulium. Thuliurn has been evaporated 
to form films. 
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Tin. Sn (cub; tetr > 2 8 6  K; rhdr > 4 3 4  K: T m :-- 505 K) 

Tin is a soft metal requiring special precaution~ in polishing and mounting. 
Under  certain conditions, tin undergoes a t ransformation between the cubic 
and tetragonal phases. This t ransformation is accompanied by a change in 
volume and can cause creation of local "warts"  on the surface or disintegration 
of  the solid to a coarse powder. Initiation of this transformation in the bulk is 
difficult to achieve; however, effects in surface studies may be significant. 

Polycr.:.~talline sur f  a t e  [Sn-I to Sn-4] Clean tin surfaces have been produced 
in situ by micromilling wit.h a rotating d iamond edge [Sn-1] or by scraping, wittl 
a tungsten carbide blade in a prep~ration chamber at ~ 10 7 Pa prior to 
transfer into the UHV chamber  [Sn-2]. Alternately, clean surfaces were pre- 
pared from zone-refined. Marz-grade [99.99'4 + % pure] tin by in-~itu ar~on-ion 
sputtering ( I - 2  keV, 20 p .A/cm -' ). After sputtering, no structure was observed 
in tbe tin Auger spectra indicative o~ the presence of ir~purities (carbon, 
oxygen, etc.) up to transition energies o, ~ 2000 eV [Sn-3, Sn-,q. 

(lOt); ,~urfi~ce [Sn-5]. A (100) single crystal (99.999% purity. Bphase)  was 
clean~.d by ion sputtering and in-situ annealing. Exoosure c~f the sample to a 
vacuum of ~ 3  × 10 ~ Pa for 10h resulted in a surface having nc~ detectable 
Auger signal from impurities and no change from the initial LEED pattern. 

Ti tan ium,  Ti (hop; bcc > 1155 K. T,, = 1933 K) 

Titanium is one ,.)f the most reac,ive transition metals. Its ability to 
decompose simple gases ar.d to form stable compounds  with the products has 
led to the widespread use of freshly deposited titanium films as getters for 
vacuum pt,mping. This high reactivity means that ti tanium is very difficult to 
clean anc to maintain in a clean state: all the" studies cited below show traces 
of  residu.'d carbon and oxygen on t i tan!t in surfaces. The cleaning of titanium 
is further complicated by the hcp ~ bcc  phase transition that occurs at 
1155 K; thus~ single crystal samples must be cleaned at lower temperatures. 
Sulfur was found to be the most persistant surface contaminant  as it tended to 
segregate on hot surfaces. In many instances traces of sulfur remained on the 
surface despite efforts to remove ~' [Ti-l to Ti-4]. The most effective purifica- 
tion procedures involved sulfur depletion by argon-lon sputtering with the 
sample at elevated temperatures. 

Polyc~s ta l lJne  surface [Ti-4 to Ti-TJ. Simultaneous argon-ion bombardment  
and annealing at 1070 K were found to result in a surface free from sulfur in 
one case [Ti-6] but "or in another  !Ti-4]; slight amounts  of  carbon and oxygen 
contaminat ion were detected in each case. Argon-ion sputtering at 300 K 
coupled with brief anneals was reported to produce a sulfur-free surface, b,i, 
extended annealing caused the sulfur to reappear [Ti-7l. Argon-ion etching 
(600 eV, l 0 / t A / c m  2) coupled with annealing at 1020 K reduced, but did not 
eliminate, sulfur and ci.lorine contaminat ion [Ti-5]. 
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(0001) Surface [Ti-I to Ti-3. Ti-8 to Ti-10]. The most successful procedure 
for the cleaning of the basal plane of titanium consisted of a cycle of sputtering 
with argon ions (600 eV, 4p .A/cm 2, 300 K) and annealing in UHV at 1020 K 
until 50h of sputtering time was accumulated; this cycle was followed by 
sputtering with argon i,)ns (600 eV. 4,u.A/cm-'. 1020 K. ~. 14h) and annealing 
in UHV (1020K, 4h)  {Ti-8. Ti-9]. Subsequent recleaning was achieved by 
sputtering with argon ions at 300 K (6,30 eV. 30 min) o~" at 1020 K (500 eV. 
1.2h~ followed by annealing (1020K, I h). One author was able to obtain a 
suilur-free (0001) surface by cycles of ion sputtering aJad annealing [Ti-10]. 
while others were not [Ti-I to Ti-3]. 

tlOlO) and (10i-1) surfaces [Ti-il ,Ti-12l. One author generated a clean 
(1010) surface by argon-ion etching at 970-1070K [Ti-li] while another 
achie,,ed the same result on the (10]1) plane by" (a) argon-ion bombardment;  
(b) anr, ealing at 820K (several hours); (c) repeating (a) and (b) until no 
impurities could be detected by XPS [Ti-12]. 

Tu, lgst~'n, W (bcc, T,, = 3683 K) 

Carl:on, which originates in the bu!k and segregates at the surface when 
tungste~ is heated, is the most difficult c:,ntaminant to remove. The two most 
widely used techniques Ior the initial cleaning of a tungsten surface arc (I) 
prolonged hea~ing at a high temperature in UHV. and (2) reaction with oxyen 
to remove the carl;on in the form of ( 'O [W-I 1, foll:~wed by flashing at high 
temperature in UHV to desorb the oxygen as tungs:en oxides. The effective- 
ness of the o~;ygen-anneal treatment varied consider,tbly among crystals from 
differen,..,;uppliers [W-2]. Also, there has been evide'lce that the ;mneal step 
removed pits that were formed at the surface durir, g the oxygen treatment 
IW-2} 

Polycrystalline surface [W-3 to W-141, Repeated flashings or prolonged 
heating to > 2500 K in UHV have yielded clean surfaces in some instances 
[W-I, W-10 to W-12]. However, in most studies such simple heating procedures 
have not yielded atomically clean surfaces. In fact, heating for up t(, 10 rain at 
3000 K ir; UHV did not remove carbon once it had segregat.;d at the surface 
[W-7]. The equi.liblium concentration of carbon segregated at the surface was a 
function of teraperature, but carbon dissolved into the bulk above 2200 K 
[W-4]. The carbon concentration was quite large at temperatures of 1500- 
1800 K ; efficient removal of the carbon from the sample could be effected by 
reaction at these temperatures with oxygen at --10 -~ to - 1 0  -4 Pa. The 
tungsten or, ides remaining on the surface were removed by one oi the three 
procedures: .(1) flashing to above 2400K in UHV [W-6 to W-9, W-131, (2) 
heating in 7 × 10 -~ Pa hydrogen for 2 rain at 2200 K [W-4], or (3) sputtering 
with argon ions followed by anneals at 1800 K [W-14I. 

(100) Surface [W-2, W-9, W-15toW-391. Some evidence exists that pro- 
longed heating at 2200-2500 K followed by flashing to 2800-3000 K yields 



R.(;. Mu~kt't et taL / Pr¢'paratton of at,,,llteztl!~ ( / t 'a , i  sNr/(~¢¢,~ 17'4 

clean (I00) surfaces [W-15. W-17. W-21]; however, in most cases the oxygen- 
anneal treatment described for the polycrysmlline surfaces was required to 
initially prepare a clean surface [W-9, W-16, W-18. W-19, W-22 to W-391. A 
maximum in carbon segregation onto the surface has been reported tc. occur at 
1500 ± 100 K [W-27], which is consistent with results on polycrystallinc tungs- 
ten. The ineffectiveness of the oxygen .-anneal treatment has been encountered 
in ~ne study [W-20]; twenty cycles of sputtering, u¢ing krypton ions on th." 
sample at 1300 K with flashes to 2500 K between 1 h bombardments, were 
required to remove the carbon. 

(110) Surface [W-I. W-28. W-34. W-39 to W-4tL W-56]. Heating these 
surfaces to high temperatures in UHV is not sufficieh, treatment for the 
generation of clean surfaces. The (110) and vicinat surfaces on the same 
samples have been cleaned by the oxygen-anneal trealment detailed for the 
polycrystalline surfaces [W-42. v -43, W-4~I. A sputter-anneal treatment has 
also been reported to be effecuve in cleaning these surfaces [W-41]. 

(111) Surface [W-39, W-50. W-51]. Carbon was removed successlully from 
these surfaces by heating in UHV at 2500 K [W-51]. H~weve,. the oxygen- 
anneal treatment ' ,as preferred [W-39. W-50]. 

(112) Surface [W-48, W-52. W-54]. This face has been cleaned by either 
sputter-anneal or oxygen-anneal Ireatments as outline:l above. 

Uranium, U (orth: tetr > 941 K; bcc > 1048 K; Tn~ :- In,05 K) 

All the clean-surface studies reviewed were performed using polyc.'ystalline 
material. Interstitial impurities (i.e. sulfur, chlorine, phosphorous, oxygen and 
carbon) have been the most common contaminants, but small amounts of 
calcium and iron weYe also commonly present. The most difficult contaminants 
to remove were carbon and oxygen. Heating to 1073 K in UIIV was not 
sufficient to eliminate surface impurities IU-I to U-4]. Many investigator., 
found that uraniJm could be cleaned in two stages: la) argon-in,, spultering 
(0.5-5 keV, 10-40 p.A/cm 2, 300 K, I-3 days), and (b) cycles of argon-ion 
sputtering at high temperatures (300-850K) and annealing in UHV {800-- 
1170 K) [U-5 to U-7]; however, this procedure was usually repcated several 
times, One group created a clean surface by argon-ion bombar,dmept alone 
(5 keV, 10 t tA/crn 2, 300 K, several h) [U-8]. In another study, a small amount 
of iron (~0.1 monolayer) was observed to segregate to the surface upon 
cooling from 850 to 300 K; this was removed by a gentle argon-ion bombard- 
ment (500 eV. I p.A/cm 2, 300 K, 15-30s) [U-7]. A different procedure con- 
sisted of a chemical treatment in oxygen (10 -s Pa. 1070K, 20 rain) and 
subsequent reduction in hydrogen (10-5 Pa. 1070 K, 10 min); this procedure 
effectively removed phosphorous and sulfur but some oxygen ~'emained [U-9]. 
Clean surfaces have also been produced by in-situ abrasion with a diamond file 
[U-10]. For sing},: crystal a uranium, we recommend the two-stage sputter- 
annealing cycle outlined above with ,he san~ple temperature never exceeding 
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850 K duri~lg annealing (avoids the orthorhombic to tetragonal phase transi- 
tion at ~ 941 K). Maintainit;g a clean surface on uranium has been difficult 
because ot rapid chemisorpfion of carbon monoxide, a residual gas in the 
UHV system. 

Vanadium, V (bcc, T m = 2163 K) 

Inert-gas ion bombardment at high temperatures has been necessary to 
produce clean vanadium surfaces on single crystals of nominal 99.99% purity 
IV-l, V-2]. A majority of the investigators reporting on this metal were unable 
to produce s,rfaces free of oxyg~:n, sulfur, or carbon [V-3 to V-10]: these 
elements were suspected of stabilizing the (100)-(I x 1) structure. Interpre- 
tation of the Auger spectrum of vanadium is complicated by the overlap of the 
vanadium LVV transition at ~ 509 eV with the oxyge;. KVV at ~ 512 eV. 

(100) Surface [V-I, V-5 to V.O] A clean (100) surface was ob,ained after 
approximately 200 h of neon-ion bombardment with the sample at 800 K; a 
(5 X I) restructured surface was produced. The (5 × I) structure undergoes a 
reversible phase transition to the normal (! x I) structure at 630K IV-If. 
Previous LEED investigations IV-5 to V-9] reported normal (1 x I) structures 
but also reported significant amounts of sulfur on .'.he surface which may have 
stabilized this structure. 

( / lOj Surface [V-2. V-10]. Clean (1!0) surfaces have been prepared by 
sputtering with argon ions (2 keV, 20 p.A.Lm 2. 67,)K, ~ 80 h). and annealing 
in UHV (970-1070 K). Shortened sputter-anneal cycles were repeated until 
evidence of oxygen segregation (by AES or the appearance of the oxygen 
induced (6 x 2) LEED pattern) was not observed after prolonged anneals 
iV-2]. 

Ytterbmm, Yb (fcc, T m = 1092 K) 

The only procedure documented to yield clean surfaces on bull; polycrystal- 
line ytterbium was mechanical removal of a macroscopic surface layer in UHV 
with a tungsten carbide blade [Yb-l]. Argon-ion sputtering and annealing have 
been tried but some oxygen was left on the surface [Yb-2]. However. repeated 
cycles of this last procedure should eventually lead to a clean surface. 

Yttrium, Y (hcp, T m = 1795 K) 

The major contaminants found in yttrium foil samples were sulfur, carbon. 
chlorine and oxygen [Y-If. These could be removed by argon-ion bombard- 
ment. but chlorine always reappeared on the surface after annealing [Y-2]. One 
author found yttrium to be very reactive towards oxygen and reported that it 
was not possible to clean this metal by argon-ion etching (900 eV, I 1 ~tA/cm 2 ) 
alone [Y-3]. 
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Zinc, Zn (hop, T m = 693 K) 

The low melting point of zinc { - 6 9 0 K )  coupled with its high val,or 
pressure ( ~  10 -s  Pa at 420 K) cause it to be incompatible with accepted UHV 
bake-out procedures. This problem was circumvented by clectroplating a zinc 
single crystal with a heavy nickel coating which preveuted evaporation even at 
bake-out temperatures of 520 K. The crystal was cleaved after the bake-out was 
terminated and after the vacuum system reached its base pressure lZn-I}. 

Polycrwtalline surface [Zn-2 to Zn-7]. Treatments using argon-ion etching 
{900-150(I eV, ~ 200 # A / c m : ,  300 K) were sufficient to produce clean zinc 
surfaces. 

¢0001) Surface (Zn-l.  Zn-8 to Zn-I 1). The bas~l plane of zinc is commonly 
prepared by cleaving in UHV [Zn-I, Zn-8, Zr,-91 or air [Zn-9 I. In the latter 
case. argo.a-ion bombardments was necessary to remove the surface oxide layer 
[Zn-9 to Zn-I I]. The cleaving itself has been done at both ambient temperature 
[Zn-l, Zn-8] or at "77 K [Zn-9]. Annealing at 390-425 K was reported t,* 
produce a well-ordered surface as determined by LEED [Zn-9]. 

Zirconium, Zr (hex. T.., = 2125 K) 

Zirconium is an efficient gettering agent for common gases and. in this 
respect, is chemically similar to titanium. Consequetltly, even zone-refined 
material contains appreciable levels of oxygen, carbon and sulfur. Segregation 
of these bulk impvrities to the surface ,luring heating constitutes the most 
troublesome aspect of clean;ng zirconium surfaces. This problem is further 
complicated by the high solubility for oxygen (29 at% at 700 K), which 
increases with temperature. 

Polycrystalline surface [Zr-I to Zr-4]. After insertion into the vacuum system 
and brief heating to 900 K the Auger spectrum showed that the polycrystalline 
surlace was contaminated with sulfur, chlorine, nitrogen and oxygen. Sputter 
cleaning (I p.A/cm 2, 500 eV, 3(10 K, I h) produced a clean surface, but subse- 
quent annealing led to the reappearance of sulfur, presumably due to diffusion 
from the bulk. It is difficult to ascertain the completeness of sulfur removal 
using AES because there is a significant overlap of the sulfur transition at 150 
eV and the zirconium transitions at 145 eV. Argon-ion sputtering at 900 K for 
10 h reduced tlu: su]fur level to the extent that the ratio of the 145 eV Auger 
peak (Zr + S) to the 95 eV peak (Zr only) reached a leveling v~lue of 1.3 [Zr-1]. 
Other authors, who did not anneal in situ but cleaned by argor-ion bombard- 
ment only [Zr-2] or by in-situ micro-milling with a rotating diamond edge 
[Zr-3], easily eliminated the sulfur. The latter mentioned that it was not 
possible to keep the zirconium surface free of oxygen at a pressure of 10- 7 Pa 
in the analyzing chamber. 

(0001) Surface [Zr-5]. An Auger spectrum taken after an initial anneal at 
873 K revealed large quantities of carbon and oxygen together with smaller 
amounts of nitrogen, boron (179 eV) a n d / o r  chlorine (181 eV). The carbon 
contamination proved most difficult tc remove; it could not be reduced below 
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detectable limits. The cleanest surface obtained corresponded to all Auger peak 
ratio C2~4/Zr,70 of around 0.05 to 0.1. It was achieved ~.fter approximately 
50 h of argon-ion bombardment at room temperature followed by a number of 
cycles of bombardment at 823-873 K for several hours and 30 min anneals at 
the same temperature. The annealing temperature of 823-873 K appeared to 
be optimal because more carbon segregated to the surface at both higher and 
lower temperatures. 

3. Discussion and recommendations 

Assessment of the information presented in the review,' section leads to 
several observations. Carbon, oxygt:n and sulfur were most often the difficult 
impurities to remove from elemerttal surfaces. Considering the number of 
elements affected, the relative importance of these impurities was C : O : S  = 
6:4:3 with carbon being a key impurity for thirty of the reviewed elements. 
Often, more than one of these impurities proved to be the main barriers to 
achieving a clean surface. Generally, carbon and sulfur contamination resulted 
from segregation of bulk impurities to the surface during heating; whereas the 
,roublesome source of oxygen contamination was adsorption of oxygen-bearing 
gases during, and immediately after, the cleaning process. Elimination of 
carbon and sulfur was ttsually accomplished by heating in a reactive gas or 
heating during ion bombardment. The heating ensured a continuous flow of 
t,le impurities from the bulk to the surface, and the reaction and bombardment 
removed the impurities from the: surface; thus, the bulk impurities were 
steadily depleted, ion bombardment was generally used to remove oxygen, but 
repeated flashings in UHV to temperatures sufficient to desorb oxides were 
sometimes effective. 

The reviewed information, tempered by our own knowledge and experienc~ 
in surface cleaning, was condensed into a set of recommended procedures 
(table 1). These recommendations have been arranged alphabetically by ele- 
ment with differences fcr crystallographic planes detailed wherever ap- 
propriate. The procedures recommended are those we would use if faced with 
the need to prepare a clean surface of a particuL r element. Generally, the 
selected procedures are a consensus of the reviewed literature; however, 
possibilities for widespread implementation of the procedure were also consid- 
ered. Careful adherence to the details of a recommended procedure does not 
per se ensure the creation of an atomically clean surface. Surface analysis with 
an element-specific technique is still required to determine the level of surface 
cleanliness. 

~everal aspects of the entries in table I deserve comment. Since most of 
the~e elements can be evaporated in U.HV to form films with clean surfaces, 
evaporation is listed as a recommended procedure only if a procedure was not 
fouad for bulk specimens. Specific ion energies and current densities for the 
ion bombardment steps should be considered nominal values, because sputter- 
ing phenomena are not strong functions of these parameters in the ranges of 
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interest. Unless otherwise sp,:~:~fied, ion bombardment conditions should con- 
sist of an energy of approximately I keV, a current dcnsity of a few ttA/cm-'. 
and ambient temperaure. All unspecified annealing temperatures can be as- 
sumed to be approximately two-thirds of the melting-point temperature I K) for 
the elements. All annealings and heatings should be performed under UHV 
conditions, except where contrary specifics have been given. 

A variety of conclusions can be drawn from the information presented in 
table i. As expected, repeated cycles of ion bombardment and annealing wcr,: 
recommended more often than any other type of procedure: in fact, sucll 
cycles were recommended for 39 of the 54 elements baying proce.dures for bulk 
specimens. Heating in reactive gas(es) and annealing in UIIV was the recom- 
mendation for four elements (It, Mo, Re, W). For five other elements (Ni. Pd. 
Pt, R.h, Ru) a combination of bombardment-anneal ing cycles and reaction- 
annealing cycles were recomrended.  Only four elemental surfaces (As, C 
[graphite and diamond]. Nb, Ta) have been unambiguously cleaned by simply 
heating in UHV. ln-situ scraping was the recommended procedure for two 
elements (Li. TI); however, cycles of ion bombardment and annealing would 
probably yield clean surfaces of these elements. Unfortunately, we did not find 
any documented surface studies on bulk specimens for twenty of the elements 
reviewed. Nevertheless, application of the procedure recommended for chemi- 
cally similar elements should pr ~uce atomically clean surfaces for these 
twenty elements. 

Only one clearly systematic classification has been noted from table I. All 
elements having gas reaction-annealing cycles ~s part of the r..~commended 
procedure are grouped near the center of the periodic table of elements. 
Osmium was the only reviewed element within the grouping ~or which reaction 
-annealing cycles were not included in the recommended procedure. Consid- 
ering osmium's location within the periodic tzble and the f~ct that the 
recommended procedure was based on only one re:'rence, the preferred 
method for cleaning osmium should probably inclt,, reaction-annealing 
cycles. 

Although a variety of procedures may eventually produce a clean surface on 
those elements for which we did not list a recommended procedure, we suggest 
the following strategy for cleaning bulk ~pecimens in the absence of a recom- 
mended procedure. Begin by outgassing the sample at temperatures slightly 
below the melting point. Using the nominal ion-bombardment conditions 
given above (I keV, few/~ X/cm 2, 300 K)~, sputter with argon ions until in-situ 
element-specific analys; reveals that the surface is atomically clean. Anneal 
the sample at two-thirds of its melting point while monitoring the surface 
composition. If any contaminant (e.g., carbon or sulfur; segregates on the 
surface, determine the temperature corresponding to the naximum concentra- 
tion of contamination. Then incorporate this temperature into the ion- 
bombardment conditions and repeat the bombardment-anneal ing cycle until 
the annealed surface is atomically clean. 
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Two remarks  are appropria te  with regard to this review. First, a need exists 
for documen ted  cleaning procedures  for more  than twenty elements.  The  
r ecommended  procedures  for these eleme its have been listed in tabic 1 as "no  
informat ion  found"  or "evaporate  in UHV to form films". We would be most  
pleased to receive copies of publ ished papers  :hat may  .-e!-" el iminate the 
in format ion-gap  in an  up-dated version of this review. Second, we strongly 
strggest that  future au thors  of  surface studies provide either (1) details of  their 
c leaning methods ,  including some  measure  of the degree of surface cleanliness 
f rom an element-specif ic  analysis technique,  or (2) reference to another  paper  
that did provide details and docume , t a t i on .  The  level of detail should be 
sufficient  to permit  reproduct ton of the surface condi t ions  employed.  A useful 
quali tat ive measure  of surface cleanliness is specification of the peak ampli-  
tudes  of  the con taminan t s  relative to those for the element,  under  given 
analysis  condi t ions,  Both these remarks  are consis tent  with achievement  of  
orderly scientific progress in the surface science of the elements.  
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