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Competition of arsenic and sulfur segregation on Fe-9%W „100…
single crystal surfaces
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High-resolution medium-energy ion scattering~MEIS! was used to investigate the segregation of
arsenic and sulfur on the~100! oriented surface of a body-centered cubic Fe-9 wt %W~100! single
crystal containing 53 wt-ppm As and 10 wt-ppm S. At temperatures ranging from 800 to 1100 °C,
both segregants compete for the available surface sites. Arsenic segregation dominates at
temperatures around 800 °C where maximum As surface concentrations ofuAs

max50.40 were found.
S segregation is most pronounced at temperatures around 1000 °C withuS

max50.43. MEIS shows
the segregated As~S! atoms to be arranged 1.27 Å~1.22 Å! above the topmost metal layer. The
metal-to-metal layer distances show an oscillatory behavior with an expansion of the first to second
metal layer (10.05 Å). With As and S on the surface, there is a strong W depletion of the topmost
three metal layers. ©1999 American Institute of Physics.@S0003-6951~99!01023-2#
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Many chemical and physical properties of materials
high-technology applications, such as their oxidatio
corrosion resistance, their catalytic activity and th
magnetic/electronic properties, depend on the composi
and structure of their external surfaces. A detailed und
standing of surfaces and surface modification technique
required if one wishes to modify or engineer the
properties.1 The controlled segregation of bulk dissolved e
ements to solid surfaces is probably the simplest techn
for surface modification of metals and alloys. Segregat
denotes the enrichment of solute or solvent atoms from
bulk of a condensed phase to interfaces. This process
cause the formation of ordered surface phases. In gen
segregation processes require bulk diffusion of the s
regants and, therefore, segregation plays a role at elev
temperatures only.

In ternary or more complex alloy systems the joint e
richment of two~or more! species is possible. These cose
regation processes may result in the formation of tw
dimensional surface compounds on alloy surfaces,
reviewed recently.2 In all these studies, however, only high
idealized alloy substrates, grown from repeatedly zo
melted pure elements, have been used. Alloys used for p
tical applications are usually produced in large quantities
contain many different chemical elements, most of them
traces. The most prominent impurities are the so-ca
tramp elements, e.g., S, P, Sb, Sn, and As. Tramp elem
are present in commercial steels at least in the 10-100
ppm range, and due to the increasing use of low quality sc
in steel production, the content of tramp elements in stee
likely to rise in the near future.

Major changes in properties of steels are caused by
surface or grain-boundary segregation of tramp eleme

a!Electronic mail: gustaf@physics.rutgers.edu
3560003-6951/99/74(23)/3564/3/$15.00
/
r
n
r-
is

e
n
e
ay
al,
g-
ted

-
-
-
s

-
c-
d
s
d
nts
t-
p
is

e
ts.

Many early studies on segregation phenomena in steels w
aimed at elucidating temper embrittlement caused by
grain-boundary segregation of tramp elements.3–5 The segre-
gation of As has been studied by Costa, Carrare
Godowski, and Marcus in a combined Auger-electron sp
troscopy ~AES!/x-ray photoelectron spectroscopy~XPS!
analysis using polycrystalline Fe samples contain
'300 wt-ppm As,'90 wt-ppm P, and'15 wt-ppm S.6,7 As,
P, and S compete for the available surface sites. The m
mum surface coverage of As wasuAs50.3360.02,7 found at
760 °C. At T5800 °C As does not segregate anymore a
the Fe surface is saturated with S only. It is important to n
that the low yields of the As MVV and As LMM Auger
transitions at 31 and 1228 eV result in small As AES pea
which do not permit a quantitative analysis. Godowskiet al.
estimated the As Auger detection limit as'0.30 of a mono-
layer ~ML !.7 Since AES is routinely used to detect surfa
contaminants, it is conceivable that As is frequently ov
looked on alloy and steel surfaces.

No information is available for As segregation on stru
turally well-defined surfaces of iron or iron-based alloy
Pure iron single crystals are difficult to grow, and thus w
used an Fe-9 wt %W alloy where stable single crystals
accessible. In this letter we focus on the segregation of
tramp elements As and S on a Fe-9 wt %W~100! single crys-
tal. The crystal was grown via the vertical Bridgman tec
nique from a cylindrically shaped Fe-9%W premelt (f
520 mm) using zone melted iron as base material. This p
cedure usually yields alloy crystals of high quality and p
rity. The typical impurity concentrations of the unavoidab
nonmetals C, N, O, and S are in the 10 wt-ppm range. In
present case we accidentally reused a contaminated q
tube for the preparation of the premelt, and this caused s
stantial uptakes of As, Nb, and Sn into the premelt and a
into the final crystal. Chemical analysis showed the princi
contaminants to be As~53 wt-ppm!, Nb ~23 wt-ppm!, Sn~54
4 © 1999 American Institute of Physics
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wt-ppm!, and S ~10 wt-ppm!. Thus this crystal is almos
ideally suited to systematically investigate the segregatio
tramp elements on a structurally well defined alloy substr

Crystals were cut into slices of 53531.5 mm3 by spark
erosion, and then were ground and polished mechanic
After introduction into the ultrahigh vacuum~UHV! system,
the samples were cleaned by sputtering and heating cy
The complex segregation behavior of contaminated~100!
oriented Fe-9%W single crystals was studied using medi
energy ion scattering~MEIS!.

MEIS8 is a high energy resolution version of Rutherfo
backscattering spectroscopy used in the channeling
blocking configuration. A collimated monoenergetic beam
ions ~typically H1 or He1 with an energy in the range 50
200 keV! is directed at a crystalline target along a directi
of high symmetry. Deflection of the ions from the first ato
along a row parallel to the beam leads to the formation o
‘‘shadow cone,’’ thereby reducing the chance of backscat
ing from atoms deeper into the crystal. This channeling
fect provides the surface sensitivity of the method. Ions t
are backscattered below the surface cannot penetrate
into the vacuum if they encounter surface atoms. This blo
ing effect results in pronounced dips in the backscatte
angular intensity, and the angular position of these dips
direct measure of the surface atomic geometry. Monte C
ion scattering simulations9 of the angular spectra accomp
nied by an R-factor fitting analysis10 yield quantitative sur-
face structure information~e.g., layer spacings and vibra
tional amplitudes!. The kinematics of ion scattering provide
the mass~and hence chemical! specificity of the technique
Use of Rutherford scattering cross sections, with so
screening corrections, leads to quantitative determinatio
surface coverages to within'5% ~relative error!. MEIS has
been successfully applied previously to study segrega
phenomena.11,12

Figure 1~a! shows a backscattering energy spectr
from the alloy surface after sputtering and annealing
1000 °C for 2 h. This procedure caused the segregation
and As, both elements being clearly visible. Sn and Nb s
regation was barely detected for the annealing conditi
used. The S and As signals in the figure correspond to 0
ML S and 0.043 ML As@surface concentrations are given
fraction of Fe~100! monolayers#. MEIS is capable of detect
ing trace amounts of As with a sensitivity at least as low
0.01 ML. The lack of any substantial W signal is due to
strong surface depletion of this element, and is discus
later. The impurities C, N, and O which are frequently o
served on iron based alloy surfaces lie below their detec
limits of 0.04, 0.03, and 0.02 ML, respectively.

We have varied annealing temperatures (800– 1100
and annealing times~10 min–4 h!. Qualitatively our data
show the amount of segregated As to increase upon lowe
the temperature. However, even at the lowest tempera
used here (800 °C) desorption of As is very likely~the sub-
limation temperature of pure As is 603 °C!, and thus true
thermodynamic equilibrium between bulk and surface of
Fe-9%W alloy is almost impossible to establish. Therefore
plot of As surface coverage versus temperature is mean
less and we present our data in theuAs vsuS plot of Fig. 1~b!.
There is a striking linear relationship between these t
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quantities, and this clearly indicates that both segrega
compete for the available surface sites~site competition!.
This is consistent with earlier investigations where the s
competition of As, S, and P was studied on polycrystall
Fe samples.6,7 In all cases the total coverage of both se
regants,uAs1uS, is between 0.40 and 0.51 ML. Low-energ
electron diffraction shows c(232) patterns with different
levels of background intensity for the various surface pre
rations.

To investigate the possible effects on surface struct
due to different relative amounts of S and As, the sam
was prepared under two conditions. A sulfur rich surfa
~0.37 ML S, 0.07 ML As! results from sputtering followed
by annealing to 1100 °C for 10 min. An arsenic rich surfa
~0.19 ML S, 0.28 ML As! results from sputtering followed
by annealing to 800 °C for 20 min, then 980 °C for 20 m
Integrating the surface peaks in the energy spectra@Fig. 1~a!#
as a function of scattering angle results in angular~blocking!
yields. Angular yields from several scattering configuratio
in the $100% and $110% azimuthal planes were compared
simulations in order to determine the overlayer-to-me
(dS/As2M1

) and first three metal-to-metal interlayer spacin
(dM12M2...), as well as the W concentration in the first fe
layers. Overlayer S and As atoms were placed in fourfo

FIG. 1. ~a! 98 keV proton backscattering spectrum from the alloy surface
a channeling and blocking configuration in the$110% azimuthal plane. The
locations of the signal from various surface components are shown.~b! Plot
of all the observed As and S coverages after various annealing condi
~solid circles!. Site competition of As and S is evidenced by the line
behavior~with slope21! of the data. The total coverage,uAs1uS , is also
shown~open circles!. The lines are least square fits to the data.
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hollow c(232) sites as has been well established by ot
methods.13,14 No buckling in the S/As overlayer was consi
ered, therefore the results fordS/As2M1

represent an averag

overlayer-metal distance. Several scattering configurat
are used because each is sensitive to various interl
relaxations.15

Figure 2~a! shows the interlayer relaxations for the tw
surface preparations. For the S-rich surfacedS/As2M1

is

slightly smaller compared to the As-rich surface. This is co
sistent with the larger atomic radius of As. The metal-
metal interlayer spacings exhibit oscillatory behavior, with
significant expansion ofdM12M2

, a contraction ofdM22M3
,

and again a slight expansion ofdM32M4
relative to the bulk

interlayer spacing of body-centered cubic~bcc! Fe~100!.
However, these interlayer spacings are not consistent
the angle-resolved photoemission extended fine structure
sults of Zhanget al.,14 wheredM12M2

is seen to be contracte

and dM22M3
expanded for the Fe~100!-c~232!S surface. In

many earlier studies an adsorbate-induced expansion
dM12M2

is seen, for instance for N on Cr~100!,16 for O on

Fe~100!,17,18 for c~232!C/Mo~100!,19 and for
c~232!N/Fe~100!.20

Use of several scattering configurations also leads
various numbers of layers being directly visible to the
coming ion beam. Comparing measured angular yields to
scattering simulations allows the determination of W, A
and S concentrations in these layers. While As and S ca

FIG. 2. ~a! Interlayer spacings~S/As overlayer to metal distancedS/As2M1
,

and the first three metal-to-metal layer distancesdM12M2
, dM22M3

and
dM32M4

! for S- and As-rich Fe-9%W~100! surfaces.~b! W concentration vs
depth for S- and As-rich Fe-9%W~100! surfaces.
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be detected except within the uppermost layer, there
well-pronounced layer dependence of the W concentrat
A similar method was applied by Deckerset al.11 to study
segregation on a PtNi alloy surface. The results for such
analysis on the S-rich surface are shown in Fig. 2~b! ~these
results are negligibly different for the As-rich surface!. S and
As segregation clearly leads to a strong depletion of W fr
the surface region. A possible explanation of this finding
preferential interactions between Fe and S or As.

In summary, the major achievements of this work are
following two points:

~1! We have given further evidence that MEIS is a power
technique for studies of surface segregation which co
bines a high chemical sensitivity with the capability
analyze structural details. MEIS can detect even sm
amounts of As ('0.01 ML) on metal or alloy surfaces

~2! Small amounts of bulk dissolved As~53 wt-ppm! al-
ready give rise to a significant As segregation on a~100!
oriented Fe-9%W single crystal surface. As segregat
has been investigated between 800 and 1100 °C an
accompanied by S segregation. Both elements com
for the available c(232) surface sites. With As and S o
the surface, there is a strong W depletion of the topm
three metal layers.
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