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In conclusion, we have found excess linear dis-
sipation in B-phase flow at saturated vapor pres-
sure persisting to the lowest measured velocities.
The mechanism of the dissipation is unknown. Al-
though some purely classical effect could be the
cause, a review of past flow measurements re-
veals no convincing evidence of dissipationless
B-phase flow. The basic nature of the question
this raises about our understanding of superfluid
'He suggests further effort, both theoretical and
experimental.
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The structure of a clean Si(001) surface has been studied by a specialized technique in
low-energy ion scattering spectroscopy. It has been found that (1) the surface is dimer-
ized, and (2) the intradimer atomic distance parallel to the surface is 2.4+ 0.1 A.

PACS numbers: 68.20.+t, 79.20.Rf

The clean annealed Si(001) surface is recon-
structed into a (2 x 1) structure' ' with substantial
subsurface strain, ' although a c(4 x 2) structure
coexists in a small proportion. ' ' Concerning
this surface reconstruction, many models, e.g. ,
vacancy models, ""conjugated-chain-type mod-

els, '" and dimer models, """have been pro-
posed, but comparisons of calculated surface
electronic structures' "for the various models
with photoemission data"'" suggest that the dim-
er models are the most favorable. In this Letter,
we report that (1) the surface is certainly dimer-
ized, and (2) the intradimer atomic distance pa-

rallel to the surface is 2.4+0.1 A. These re-
sults have been obtained by a specialized tech-
nique" in low-energy (of order kiloelectronvolts)
ion scattering spectroscopy (ISS),"which we call
impact-collision ion scattering spectroscopy
(ICISS)." The specialization used in ICISS is to
take the experimental scattering angle I9~ at 180'
(or close to 180') so as to observe such scattered
ions as have made head-on collision (or impact
collision) against target atoms with zero (or near-
ly zero) impact parameter &. Despite its simpli-
city, this specialization yields useful new aspects
as described elsewhere. "
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A Si(001) sample with a diameter of 10 mm and
a thickness of 0.2 mrn was treated according to a
prescription reported by Henderson. " The sam-
ple was mounted on a manipulator by means of
thin tantalum wires with care taken to minimize
mechanical stress, and cleaned/annealed in situ
(base pressure -5x10 "Torr) by electron-
beam heating (-1250'C) from behind. The sam-
ple exhibited a clear (2&1) diffraction pattern in
low-energy electron diffraction (LEED); no c(4
x 2) pattern was visible with our LEED optics in
accordance with many other reports. ' Experi-
ments of ICISSwere done using He' ions of 1 keV
(-20 nA/cm2) and an electrostatic energy analyzer
in a similar way to that reported elsewhere. "
During the experiments, the sample was annealed
at appropriate time intervals.

Figure 1 shows the intensity of He ions scat-
tered from the Si(001) surface in the ICISS condi-
tion as a function of polar angle n (measured from
the surface) and azimuth angle p (measured from
[110])of the ion incidence direction. The intensi-
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FIG. 1. The intensity of He+ ions scattered from
Si{001) in the ICISS condition as a function of polar
~@pie 0, {measured from the surface) and azimuth angle

y of the ion incidence direction.
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ty variations seen in Fig. 1 are due to two effects:
One effect is that the probability of ion neutraliza-
tion" in ion scattering by solid surfaces, which
is very high (-100/0) for low-energy ious, de-
pends on a and y, although the y dependence is
usually weak; and the other effect is a shadowing
effect" such that an atom in an ion beam forms a
shadow called a shadow cone" in which incident
ions cannot penetrate, and if an atom is concealed
by this shadow cone at certain n and y, this atom
has no contribution to ion scattering. In conven-
tional ISS, a blocking effect,"in which a scat-
tered ion may be blocked by another atom, must
also be taken into account, but this troublesome
effect never occurs in ICISS since ions baekscat-
tered along their incident trajectories are selec-
tively observed because of 0~ = 180 . In this I et-
ter, we analyze the shadowing effect for deter-
mining surface atomic geometry. In the ICISS
condition, the analysis of the shadowing effect is
simple since at a critical angle corresponding to
the onset of the shadowing effect, the edge of the
shadow cone necessarily passes the center of a
concealed atom to a good approximation" because
of b =0.

By virtue of the high ion neutralization proba-
bility" mentioned above, ICI SS (and conventional
ISS) is highly sensitive to the surface first layer,
and hence shadowing effects which occur within
the first layer at grazing angles are observed
most markedly. The intensity curve for a grazing
angle of n =4 in Fig. 1 is magnified in part in
Fig. 2. The intensity drops at p =0' ([110]), 32
+ 1' (azimuth S), and 58~1' (azimuth S') are un-

ambiguously identified to be due to shadowing ef-
fects since an intensity rise due to a focusing ef-
fect,"that ion flux is necessarily concentrated
just outside a shadow cone, is clearly observed
on the both sides of the individual intensity drops
as indicated by broken curves. The dash-dotted
line shows the reference intensity that is expected
when both the shadowing and foeusing eff ects are
assumed to be absent: This reference intensity
is somewhat amibguous since the ion neutraliza-
tion probability varies with p, but the variation
is -+ 8Po at most as estimated from the intensity
curves for high &'s in Fig. 1 for which no marked
shadowing effect is expected. In Figs. 1 and 2,
the intensity drops due to the shadowing effects
are observed with half widths of -10-14', from
which the radius of the sha.dow cone of Si at -4 A,
for example, from the center of the Si atom is
estimated to be -0.7—1.0 A (ior 1-keV He').

The dimer models"'" "are classified into
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FIG. 2. The intensity curve for n = 4 in Fig. 1 mag-
nified in part. The intensity drops at p =0, 32+ 1',
and 58 + 1' are due to shadowing effects.

"symmetric'"""'" and "asymmetric'"' dimer
models. The symmetric dimer model was studied

theoretically by Appelbaum and Hamann. " They
found that the stress due to the formation of the
symmetric dimers at the surface can produce sub-
stantial subsurface strain. This is consistent
with recent high-energy He ion-scattering ex-
periments. ' However, the symmetric dimer mod-
el is inaccurate since this model yields a metallic
surface"' which disagrees with photoemission
data. " Furthermore, the symmetric dimers ean
form only a (2&1) structure because of their two-
fold symmetry, whereas actually a c(4&&2) struc-
ture is observed in a small proportion in addition
to a (2 && 1) structure by LEED" and He-atom dif-
fraction. Using energy-minimization calcula-
tions, Chadi'4 found that the symmetric dimer
model is unstable; the total energy is lowered by
the formation of asymmetric dimers (and by sub-
surface distortions like those described by Appel-
baum and Hamann"). The asymmetric dimers
can form both (2&&1) and c(4&&2) structures depend-
ing on their in-phase and out-of-phase arrange-
ments, respectively, "and yield semiconducting
surfaces. " Figure 3(b) shows the in-phase ar-
rangement of the asymmetric dimers which re-
sults in a (2 x1) structure consistent with our
LEED observation, and for comparison the unre-
constructed (1&&1) structure is shown in Fig. 3(a).
In the figures, the solid eireles show atoms in
the first layer, and the broken line indicates a
step which divides the surface into two kinds of
terraces which are rotated relative to each other

{a) UNRECONSTRC TED {Ix)) ST RUC TURE
I~ o ~ oIc; 0

3.84A I il il ~
I

c: ~ 0-"- ~ o ~ o
I

0 0
I

I ~
A I

0 ~: 0 0
I

0 0 0

S7EP~i ~
I

0 0 ~ 0 y 0
I

0 0 0

8 ~

(b) (2x1) ASYMMETRIC DIMER STRUCTURE

' ~ ' 7A ~ 'i'
I

B I ~ ~ ~ ~
~ ~ B

() 0/ O 0
I

L' 0
S' C D

toio]
6 =)3'-

~ p QS0 I
0

I's a
0 4 ~

I

d =2.4-0.I A
AN7iPHASEP i

~ '~ ~ ~
BOUNDARY I

C: Og 0
i 0 0 0 0

E

I~F
() ~ (t~ 0 ~ 0

I

~ ~
I

0 0
I

0

0 FIRST LAYER 0 SECOND LAYER

li
OQ

0
P)

G H

0

FIG. 3. (a} The unreconstructed (1&1}structure, and

(b} the (2&&1} asymmetric dimer structure of Si(001}.

by 90'; in Fig. 3(b), the dash-dotted lines show

antiphase boundaries which divide the individual
terraces into two kinds of domains, and the large
and small solid circles indicate the "up" and
"down" atoms of the asymmetric dimers, re-
spectively. The number of surface atoms not
equivalent in view of ion scattering is two (A. and

&) in Fig. 3(a) and eight (4-H) in Fig. 3(b).
Figure 2 contains the following information'.

(i) The shadowing effects are observed in [110]
and in azimuths S and S' which deviate from [010]
by 5 =13+ 1', and (ii) the magnitudes of the inten-
sity drops due to the shadowing effects relative
to the reference intensity are &I([1101)= 63Vo and

AI(S or S') = 15/o. On the basis of these experi-
mental facts (i) and (ii), we can discuss the struc-
ture of the Si(001) surface as follows. In the fol-
lowing discussion, we will consider the case of
& =4 corresponding to Fig. 2, and the radius of

the shadow cone of Si mentioned above will be
taken into consideration. As expected, the unre-
constructed (1&&1) structure, Fig. 3(a), is reject-
ed since shadowing effects for this structure
should occur in (110) and (010) as indicated by ar-
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rows in contradiction to the experimental fact (i).
The experimental fact (i) indicates that the sur-
face is dimerized like Fig. 3(b); in this case, as
indicated by arrows, shadowing eff ects occur in
[110]and in azimuths which deviate from [010] by
some angle ~ in agreement with the experimental
fact (i). At o.'=4' of concern, eight surface atoms
(A-H) are all concealed in [110],while only A
and E (or D and H) are concealed in azimuth S (or
S'). That is, the magnitude of the intensity drop
in [110]should be larger than that in azimuth S or
S' by a factor of 4. This agrees well with the ex-
perimental fact (ii), i.e. , AI([110])/b.I(S or S')
=4.2. In Figs. 1 and 2, and we find the following
additional experimental facts: In Fig. 1, as ~ de-
creases, the shadowing effect in [110]begins
first, and that in azimuths S and 8' begins after
that (the critical value of & at which a shadowing
effect begins depends on the distances parallel
and perpendicular to the surface between the shad-
owing and concealed atoms), and in Fig. 2, the
magnitude of the intensity rise due to the focusing
effect relative to that of the intensity drop due to
the shadowing effect is larger for azimuths S and
S' than for [110](in general, this ratio increases
with increasing linear distance between the sha-
dowing and concealed atoms since ion flux just
outside the shadow cone of an atom is concentra-
ted more remarkably as the distance from the
atom increases). By examining Fig. 3(b) we find
that these additional experimental facts are also
consistent with Fig. 3(b). From the experimental
fact (i), & in Fig. 3(b) is 13+ 1, which means
that the intradimer atomic distance parallel to
the surface is 2.4+ 0.1 A. A corresponding theo-
retical value calculated by Chadi, "2.3 A, agrees
well with this experimental value.

It is known that even if only a (2 x 1) diffraction
pattern is observed in I EED as in the present ex-
periment, He-atom diffraction' reveals the co-
existence of a c(4&& 2) structure; this indicates
that the c(4x2) structure, which is thought to be
formed by the out-of-phase arrangement of the
asymmetric dimers, "exists as small domains
whose dimension is smaller than the coherent
length of I EED (but larger than that of He-atom
diffraction). In one of the two kinds of terraces
(cf. Fig. 3), adjacent surface atoms in the c(4
&2) structure are not lined up along [110] (not
shown). The reason why the intensity curve in
Fig. 2 does not drop to zero in [110]in disagree-
ment with the estimation for Fig. 3(b) at & =4'

can be attributed in part to the existence of the
c(4&&2) structure, although the steps and anti-
phase boundaries as well as other defects, in-
cluding disordered areas, also contribute to the
nonzero intensity.

This work was supported in part by the Special
Coordination Funds for Promoting Science and
Tec hnology.

'R. E. Schlier and H. F. Farnsworth, J. Chem. Phys.
30, 917 (1959).

J. D. Levine, Surf. Sci. 34, 90 (1973).
3S. J. White and D. P. Woodruff, Surf. Sci. 64, 131

(1977).
4F. Jona, H. D. Shin, A. Ignatiev, D. W. Jepsen, and

P. M. Marcus, J. Phys. C 10, L67 {1977).
5I. Stensgaard, L. C. Feldman, and P. J. Silverman,

Surf. Sci. 102, 1 (1981).
6J. J. Lander and J. Morrison, J. Appl. Phys. 33,

2089 (1962), and J. Chem. Phys. 37, 729 {1962).
T. D. Poppendieck, T. C. Ngoc, and M. B.Webb,

Surf. Sci. 75, 287 (1978).
BM. J. Cardillo and Q. E. Becker, Phys. Rev. Lett.

40, 1148 (1978).
J. C. Phillips ~ Surf. Scl. 40, 459 (1973).

' W. A. Harrison, Surf. Sci. 55, 1 (1976).
"R. Seiwatz, Surf. Sci. 2, 473 (1964).
' M. Qreen and R. Seiwatz, J. Chem. Phys. 37, 458

(1962).
' J. A. Appelbaum and D. R. Hamann, Surf. Sci. 74,

21 (1978).
'4D. J. Chadi, Phys. Rev. Lett. 43, 43 (1979), and J.

Vac. Sci. Technol. 16, 1290 (1979).
' J. A. Appelbeum, Q. A. Baraff, and D. R. Hamann,

Phys. Rev. Lett. 35, 729 (1975), and Phys. Rev. B 11,
3822 (1975), and 12, 5749 (1975), and 14, 588 {1976),
and 15, 2408 (1977).

60. P. Kerker, S. Q. Louis, and M. L. Cohen, Phys.
Rev. B 17, 706 (1978).
"J.E. Rowe, Phys. Lett. 46A, 400 (1974); J. E.

Rowe and H. Ibach, Phys. Rev. Lett. 32, 421 (1974).
' F. J. Himpsel and D. E. Eastman, J. Vac. Sci.

Technol. 16, 1279 (1979).
'~M. Aono, C. Oshima, S. Zaima, S. Otani, and

7. Ishizawa, Jpn. J. Appl. Phys. 20, L829 (1981).
T. M. Buck, in Methods of Surface Analysis, edited

by A. W. Czanderna (Elsevier, Amsterdam, 1975);
E. Taglauer and W. Heiland, Appl. Phys. 9, 261 (1976).

~'R. C. Henderson, J. Electrochem. Soc. 119, 772
(1972).

For example, A. Q. J. de Wit, R. P, N. Bronckers,
and J. M. Fluit, Surf. Sci. 82, 177 {1979);see also
Ref. 19.

For example, M. Saitoh, F. Shoji, K. Oura, and
T. Hanawa, Jpn. J. Appl. Phys. 19, L421 (1980).

570


