
matic change, the  present cause is the  
greater magnitude and frequency of peak 
stream flow in  response to impervious us- 
ban surfaces. This  stud\- joins a growing 
literature o n  the role of seiiiment storage 111 

general; and, in particular, sho~vs that sedi- 
lnent storage loss from stream channel ero- 
sion over varied geographic regions can be a 
major source of sediment yielii ( I  3). In  such 
cases, sediment yield per unit area can actu- 
ally increase with basin area rather than 
decrease, as is commonl\- perceived. 

Suspended sediment measuring stations 
in  sand-bed channels can underestimate to- 
tal sediment loads ( I # ) ,  and this may be the  
case for San  Diego Creek. If substantial, the  
additional sediment yield could relegate 
channel erosion to a some~vhat smaller pro- 
portion of total seililnent yield but prol~ably 
no  less than half. Erosion of earthen chan- 
nels n-ill remain a substantial source of sed- 
inlent yield from ~ ~ r b a n  stream systems until 
proper ameliorative measures are taken. 
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Adatom Pairing Structures for Ge on Si(100): 
The Initial Stage ~f Island Formation 

X. R. Qin and M. G. Lagally* 

With the use of scanning tunneling microscopy, it is shown that germanium atoms 
adsorbed on the (1 00) surface of silicon near room temperature form chainlike structures 
that are tilted from the substrate dimer bond direction and that consist of two-atom units 
arranged in adjoining substrate troughs. These units are distinctly different from surface 
dimers. They may provide the link missing in our understanding of the elementary 
processes in epitaxial film growth: the step between monomer adsorption and the initial 
formation of two-dimensional growth islands. 

Because  of its importance in  microelec- 
tronics and its unique properties, t he  
(1G0) surface of silicon has been exten- 
sively investigated. Driven by the  capabil- 
ity of the  scanning tunneling microscope 
( S T h l )  to  viea- this surface easily with 
atomic resolution, Si(lL?L?) in  particular 
has been used as a model to understand 
the  atomistic mechanisms of film growth 
( 1 ) .  For both  Si  and G e  deposition, early 
stages of growth a t  low temperatures pro- 
duce many stable adsorbed dimers (called 
ad-dimers), that  is, t ~ v o  atoms that  clearly 
remain bound to  each other  for extended 
times, as well as rows of many such ad- 
dimers (called islands) (2 ,  3).  Following 
classical nucleation theory, i n  which 
grolvth occurs by the  addition of atoms to  
a "critical nucleus" (4), it was postulated 
tha t  Si  or G e  monomers deposited o n  the  
Si(lL?L?) surface diffuse to  form ad-dimers 
and tha t  the  ad-dimer is the  stable nucleus 
from rvhich all subsequent larger groa-th 
structures (such as the  ad-dimer row is- 
lands) e~ .o lve  by addition of further mono-  
mers ( 2 ) .  Intermediate structures ("dilut- 
ed-dimer islands"), in  which alternate ad- 

dimers in  ad-diiner row islands are missing 
(5) and in  which the  remaining ad-dimers 
are rotated (6), are thought to arise from 
individual ad-dimers and to  represent a n  
early growth stage (5, 7) .  Yet this evolu- 
t ion from single ad-dimer to  any of the  
larger structures has not  been observable, 
despite the  intrinsic ability of the  S T M  to 
do  so. Hence,  a critical element of under- 
standing is missing: the  atomistic pathway 
from the  initial adsorbed monomers to the  
existence of stable ad-dirner row islands. 
T h e  role of the  ad-dimer as the  essential 
element in  this pathway has so far no t  
heen questioned. 

In  this report, we describe high-resolu- 
tion S T h l  observations of structures formed 
during the  initial growth of G e  o n  
Si(lL?L?)(2 X 1)  near room temperature, in 
which the  G e  atoms exist as two-atom units 
that are distinctly different electronically 
and structurally from any dimer in  or o n  the 
s~lrface. W e  show that they provide a phys- 
ically reasonable link between monomer 
adsorption and diluted-dimer island forma- 
tion. W e  suggest that,  at least a t  low tern- 
peratures, ad-dimers are not  part of the 
nucleation-growth pathway. - 

Unbersty of Wisconsn-Madson, Madson. W 53706 The experiments perforlned On 
USA. Si(100)  with a high-quality 2 X 1 surface 

whom correscondence should be addressed at and a defect density of <L?.5?o, in  a n  S T M  
agay@ergr .u~~sc e d ~  outfttted 1 ~ 1 t h  a n  evaporation source fro111 
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which Ge was deposited to coverages of 
typically -0.01 monolayer (ML), while 
the substrate temperature was maintained 
below 330 K. These conditions produce 
chainlike structures on the surface (Fig. 
I ) ,  with three common features: (i) They 
form across the substrate dimer rows and 
are terminated by two adjacent dimers 
buckled in the same direction, (ii) they 
induce locally pinned c(2 x 4) buckling 
in the substrate dimer rows, and (iii) they 
extend alone a direction tilted 26.6' to 
that of the-substrate dimer bond. Such 
structures have recently also been ob- 
served by others (8, 9), but with a range 
of measurements insufficient to demon- 
strate their unique character. 

Filled-state images are shown in Fig. 1, 
A, B, and C. In corresponding empty-state 
images (Fig. 1, D, E, and F), the chain 
structures appear as bright oval or round 
protrusions symmetrically located in the 
troughs between the substrate dimers. - 
Such a symmetrical appearance implies 
that each buildine unit of the chain struc- 
ture is formed 6om two atoms because 
monomer adsorption would result in an 
asymmetrical intensity in the trough (10). 
Bias-dependence imaging of the surface 
(Fig. 2) demonstrates additional properties 
of the chain units. The oval shape of each 
unit in the chain in the empty-state im- 
ages (Figs. 2, B and C) changes noticeably 
with sample bias, but the longer axis (the 
axis of the two atoms in a chain unit) 
remains vervendicular to the substrate . . 
dimer rows, independent of bias. 

We now demonstrate that the two at- 
oms in each unit of the chain structure 
(hereafter referred to as adatom vairs) do . . 
not behave like ad-dimers. Ad-dimers are 
found in several configurations on the sur- 
face, individually on top of substrate dimer 
rows (circle in Fig. lB), in a diluted-dimer 
island (rectangles in Fig. 2), and as part of 
a three-atom cluster (arrows in Fig. 2). In 
all cases, they appear much brighter in 
filled-state images than do adatom pairs 
(compare ellipse in Fig. 2A). Ad-dimers 
also do not show a clear change in bright- 
ness when the bias ~olaritv is reversed. In 
contrast, the brightness of adatom pairs 
does change with bias reversal (Figs. 1 
and 2). This dependence of the brightness 
on the bias polarity is similar to that of 
monomers adsorbed at the ends of dimer 
row islands (1 1) or the ends of diluted- 
dimer islands (rectangle and arrow in Fig. 
2). This brightness effect is especially 
noteworthy in comparisons of ad-dimers 
in diluted-dimer islands (rectangles, Fig. 
2) and adatom pairs (ellipses, Fig. 2) be- 
cause both are located in the troughs be- 
tween substrate dimer rows and both have 
their axes perpendicular to the substrate 

Fig. 1. STM images of - 
0.01-ML Ge adsorbed F.a= 1C 5 % 

on Si(100) (2 x 1). The . '. ' .< 
long bands running & 

through the diagonal of 
%'% 

5 + 
the frames are the sub- + % * ?  

strate dimer rows. In the @ B 
s h( 

filled-state images (A to . *s 

C), individual substrate . '%, '" --- 
dimers appear symmet- - i 
ric (bean shapes) or t 

buckled (smaller zlgzag 
protrusions along the 
dimer rows). Three typi- 
cal Ge adatom-induced 
chainlike structures are 
shown by arrows. They 
were obtained with a 
tunneling current of 0.2 nA at -2-V sample bias relative to the STM t~p. A s~ngle ad-dimer on top of a 
substrate dimer row is shown in the circle in (B). The appearance of the structure in (C) as a chain with 
three links leads to the term "chain structure." (D to F) Corresponding ernpty-state images of the 
identical regions, obtained with +2-V bias. At this bias, because of the distribution of charge on the 
surface, the centers of substrate dimer rows appear as darkened bands. The troughs occur halfway 
between, in the bright region, and can frequently be seen a: a weaker dark line. The units of the chain 
structures reside in the troughs. Image sizes are 60 A by 60 A (A and D), 75 A by 75 A (B and E), and 70 
A by 70 A (C and F). 

dimer rows. In addition to this radical 
brightness effect, which distinguishes be- 
tween ad-dimers and adatom pairs, differ- 
ences are observed at positive sample bias 
in the behavior of an adatom pair (el- 
lipses, Fig. 2) and an ad-dimer in a diluted- 
dimer island (rectangles, Fig. 2). Their 
shapes differ at a given sample bias and 
vary differently with the bias (Fig. 2, B and 
C). All these spectroscopic indications 
suggest an electronic structure for the 
adatom pairs that differs from the dimer 
bond in ad-dimers and implies a structural 
difference. 

It might be argued that the faint ap- 
pearance of the adatom pairs in filled-state 
images is caused by their position in the 
chain, but this is not so (Fig. 3). The 
structure enclosed by the square in Fig. 3 
consists of an ad-dimer (the bright protru- 
sion) and a faint unit that behaves like an 
adatom pair. The shape of the latter varies 
with bias in the same fashion as the ada- 

tom pairs (ellipses, Fig. 2), whereas the 
shape of the former does not vary and its 
brightness remains high. The structure en- 
closed by circles in Fig. 3 consists of two 
identical ad-dimers: Neither changes 
shape or brightness with changing bias. 
Clearly, an adatom pair differs from an 
ad-dimer, even on structurally equivalent 
sites. 

We propose a model for the adatom 
pair as follows. The global adsorption en- 
ergy minimum for a Ge monomer on 
Si( 100) is calculated to be at the "M" site, 
which is directly above a second-layer sub- 
strate atom (Fig. 4A) (10). We suggest 
that adatoms adsorb on the two nearest 
opposing M sites of neighboring dimer 
rows (Fig. 4B). The bias-polarity depen- 
dence of brightness, similar to that of 
monomers, implies that the two adatoms 
in an adatom vair have an electronic 
structure similar to that of monomers. The 
driving force pairing the monomers into 

tures formed by Ge on F 

Si(100), viewed at differ- * 
ent biases: (A) -2 V, (B) . .h 
+2 V, and (C) +1.2 V. , 
Ellipses indicate a cham ':< 
structure spanning three , h .  
substrate dimer rows. * 
Rectangles indicate a di- 
luted-dimer island with a 
monomer at each end. Diluted-dimer islands, in which ad-dimers arrange themselves end to end in 
troughs, coexist with the chain structures. A monomer is often found at the ends of such islands. It 
appears as a localized dark shadow in the filled-state image (A) and as a bright protrusion in the 
empty-state images (B and C). Arrows indicate an ad-dimer in a trough with an attached monome5 
at the end of a chain structure. The bias dependencies are discussed in the text. Image size is 85 A 
by 90 A. 
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the nearest opposing M sites can be un- 
derstood in terms of strain-mediated sub- 
strate dimer buckling as a result of Ge - 
adsorption. Recent theoretical results 
have shown that a single Ge atom ad- - 
sorbed at an M site induces strong in- 
phase buckling in the two substrate dimers 
nearest to the Ge adatom on the adjacent 
dimer row (Fig. 4A) (10). This pinned 
buckling would effectively leave a "hol- 
low" at the M site that lies between these 
lowered Si atoms [in-phase substrate dimer 
buckling is one of three common features 
observed for chain structures (Fig. I)]. Ab 
initio calculations (12) for Si(100) show 
that the binding of a Si monomer at the 
"down" side of a buckled substrate dimer is 
stronger than that at the "up" side of the 
substrate dimer. We expect that this result 
can also be applied to Ge atom adsorption. 
Combining the above two arguments leads 
to an energetic advantage, after an M-site 
adsorption of Ge, for the subsequent Ge 
adsorption to occur on the directly oppo- 
site M site, producing the pairing tenden- 
cy. Direct adatom-adatom interaction is 
not reauired. but it also cannot be com- 

We believe that this adatom pairing is 
the actual initial step in the formation of 
a growth structure. Formation of the ex- - 
tended chains may be rationalized as fol- 
lows. An adatom pair (Fig. 4B) breaks IT 

bonds on the substrate dimers involved 
( 1 3 ) , creating four dangling bonds. These 
most reactive dangling bond sites provide 
a nucleation center for further attachment 
of adatoms. If one simply counts dangling 
bonds, the M sites on the axis of the initial 
adatom pair would seem to be the most 
favorable adsorption sites. However, be- 
cause these dangling bonds are located at 
"up" sides of the two in-phase buckled 
substrate dimers. the binding of a mono- - 
mer there could easily be weaker than at 
the M sites shifted one dimer along the - 
dimer row. The second adatom pair then 
forms in the adjoining trough offset from 
the first pair. Obviously, the third pair has 

pletely excluded. It is possible that the two M site adsorption 
atoms are in a bound state somewhere 
between monomers paired only by a sub- C 
strate strain-mediated interaction and an 0-0 rn 0-0 0<) 
ordinary ad-dimer. Their similarity in be- 
havior to monomers suggests that a direct 
interaction is weak. In any case, individual 
adatom pairs, larger chain structures, and 
mixed structures (squares, Fig. 3) remain 0-0 
stable at room temperature for at least 8 0-0 - - - - 

hours, suggesting a substantial kinetic bar- 
rier to keep the adatom pair from forming 0-00<)0-00<) 
a regular ad-dimer. D 

Fig. 3. Comparison at different biases [(A) -2 V 
and (B) +2 V] of images of structures containing 
ad-dimes only and a mixture of ad-dimer and 
adatom pair. Squares indicate a mixed structure 
of an adatom pair and an ad-dimer. Circles indi- 
cate a diluted-dimer island consisting of two ad- 
dimers. The behavior of each part of the mixed 
structure is consistent with that of the corre- 
sponding pure structure. Image size is 1 10 a by 
45 a. 

Fig. 4. Schematic models for early structures 
formed by Ge on Si(100), viewed from the top. 
Hatched circles, Ge adatoms; open circles, sub- 
strate Si atoms; solid circles, substrate Si atoms 
with dangling bonds released from the TI bonding. 
Higher atoms are represented by larger circles. (A) 
Minimum-adsorption-energy "M" site. The ad- 
sorbed monomer breaks two TI bonds on the ad- 
jacent dimers, creating two dangling bonds on the 
solid atoms. The adsorption at the M site causes 
in-phase dimer buckling on the neighboring dimer 
row, with the closer atoms moving lower. (6) The 
proposed model for a chain unit, the adatom pair 
on M sites. The dashed line indicates that the 
interaction between the adatoms is different from 
that in a conventional dimer bond. Four dangling 
bonds exist on the up-buckled (solid) atoms. The 
distance between the two opposing M sites is 
3.84 A (70). (C) A three-unit chain structure. The 
dangling bonds on the solid atoms define the 
unique image of the chain structures (for example, 
Fig. 1C). (D) A diluted-dimer island with three ad- 
dimers and a monomer at the left end. The dimer 
bond length is -2.35 a (7). 

two choices relative to the second pair, 
resulting in either line- or zigzag-shaped 
chain structures, both of which we have 
observed. 

Similar chain structures recently ob- 
served for Si on Si(100) (8) and Ge(100) 
(9) surfaces were interpreted (because of 
an insufficient range of bias-dependence 
measurements) as being constituted of ad- - 
dimers, that is, the same as in diluted- 
dimer islands (5, 6), implying that the 
chain structure is simply an alternative to 
the diluted-dimer island. It has been ar- 
gued that the difference in brightness was 
related to the two arrangements (offset 
compared with in one line) of the ad- 
dimers (8). This interpretation begs the 
question of how monomers form growth 
islands and also cannot explain our bias- 
dependence measurements. Our own ex- 
periments for Si on Si(100) confirm our 
picture, and from a careful analysis of the 
data we conclude that the same is true for 
Si on Ge(100) as well (14). 

Our results allow us to establish a log- 
ical link between the adsorption of mono- 
mers and the formation of growth struc- 
tures. We suggest that the chain structures 
formed by adatom pairs are metastable 
intermediates in the formation of the di- 
luted ad-dimer rows, with a higher free 
energy but lower kinetic barrier for forma- 
tion. These chain structures have more 
dangling bonds and induce a larger area of 
substrate dimer buckling. Indeed, experi- 
ments done at higher substrate tempera- 
tures lead to a diminishing density of the 
chain structures and an increasing number 
of the diluted-dimer islands, showing that 
the latter are energetically favorable. In 
any case, the adatom pairs described here 
must form first. The third arriving adatom 
has two choices: (i) residing at one of the 
laterally displaced M sites, the process fa- 
voring the formation of the chain struc- 
tures described here, or (ii) residing on the 
kinetically less favorable "in-line" M site 
that is between the "UD" ends of the in- 
phase buckled dimers, the process that 
would lead to the direct formation of di- 
luted-dimer islands. For the first choice, a 
mechanism must exist for transforming 
chain structures into diluted-dimer is- 
lands. Although the pathway is not 
known, it must involve formation of ad- 
dimers from adatom pairs and realignment 
from the canted chains to the diluted- 
dimer islands. For Ge on Si(100), Si on 
Si(100), and Si on Ge(100), different 
amounts of lattice strain can affect the 
temperature dependence of the relative 
rates of these processes. 

Our identification of adatoms a aired 
across troughs between dimer rows as the 
initial stage (at temperatures at least as 
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high as 350 K)  of dimer row island forma- 
tlon in Si(100) has intriguing consequenc- 
es. Besides providing a logical pathway 
from adatom adsorption and diffusion to 
growth of ~slands, these chain structures 
and their prevalence suggest that the 
smallest and most obvlous stable structure 
on the surface, the ad-dimer residing on 
top of the dimer rows, does not participate 
111 a fi~ndamental way in the growth of 
larger dimer row lslands. If this is so, ~t will 
require reevaluation (at least on semicon- 
ductor surfaces) of the concept of a critical 
nucleus for growth and of the many rate 
equation models for diffusion and growth 
on this surface, which all require the size 

cause growth proceeds from long-llved 
metastable structures that may have a va- 
riety of sizes. 
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Vigorous HIV-+Specific CD4+ T Cell Responses 
Associated with Control of Viremia 

Eric S. Rosenberg, James M. Billingsley, Angela M. Caliendo, 
Steven L. Boswell, Paul E. Sax, Spyros A. Kalams, 

Bruce D. Walker* 

Virus-specific CD4+ T helper lymphocytes are critical to the maintenance of effective 
immunity in a number of chronic viral infections, but are characteristically undetectable 
in chronic human immunodeficiency virus-type 1 (HIV-1) infection. In individuals who 
control viremia in the absence of antiviral therapy, polyclonal, persistent, and vigorous 
HIV-1-specific CD4' T cell proliferative responses were present, resulting in the 
elaboration of interferon-? and antiviral P chemokines. In persons with chronic in- 
fection, HIV-1-specific proliferative responses to p24 were inversely related to viral 
load. Strong HIV-1-specific proliferative responses were also detected following treat- 
ment of acutely infected persons with potent antiviral therapy. The HIV-1-specific 
helper cells are likely to be important in immunotherapeutic interventions and vaccine 
development. 

Infection wlth HIV-1 IS characterlied by a 
quantltatlve decllne in the number of CD4' 
lymphocytes and a qualitative Impairment of 
thelr function 11 ). Im~nunoloelcal abnormal- , , - 
ities 111 T helper cell function occur early, 
during the asymptomatic phase of Infection 
and before the loss in CD4+ cell number (2). 
Loss of T cell functlon in vitro predicts pro- 
gresslon to acquired immunodefic~ency syn- 
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drome (AIDS) and a decrease 111 survival 
time (3). In additlon to these general defects 
in lymphocyte function, infection typically 
fails to Induce detectable HIV-1-snecific 
proliferative responses (4). It is thought that 
CD4' helper cell responses play a key role In 
maintaining effective ~mmunity in murine 
models of chronic viral infections (5). In 
HIV-1 infection. the lack of virus-snecific 
proliferative responses is the most dramatic 
defect in the re~ertoire of the Immune svs- 
tem. When sucL responses have been db- 
served, they are typically weak, wlth stimu- 
lation Indices (SIs) rarely greater than 5 (6). 

Recently, a subset of HIV-1-infected 
persons who appear to successfully control 
virus replication in the absence of antiret- 
roviral therapy has been ~dentified. Despite 
infections of up to 18 or more years, these 
individuals maintain normal CD4+ 7 cell 
coiul~ts, low to undetectable viral loads, and 

have no  evldence of HIV-1-related disease 
manifestations (7). The persistence of vlg- 
orous cytolytlc T lylnphocyte (CTL) and 
humoral immune responses In some of these 
individuals suggests that the host Immune -" 
response may be effectively contain~ng vlral 
replication (8). Given the demonstrated 
importance of vlrus-specific CD4' T helper 
cell responses In other chronic viral infec- 
tions, we examined indir~lduals with long- 
term nonprogressive infection for evidence 
of such responses dlrected against HIV-1. 

Initlal studies were performed in an 
HIV-1-infected hemophiliac (subject 161- 
J )  with 18 years of documented seropositlr7- 
~ t y ,  a normal CD4' T cell count, and a viral 
load of <400 RNA molecules Der milliliter 
of plasma, who had never been treated with 
antiretroviral agents. Consistent wlth pre- 
vious studies (9), an extremely vigorous 
CTL memory response was detected, with 
more than 1 HIV-1-s~eciflc CTL Der 200 
peripheral blood mononuclear cells 
(PBMC) (1 0). Freshly isolated PBMC from 
thls subject were exposed to whole soluble 
HIV-1 p24 and gp16O proteln, resulting in 
vlgorous virus-specific lymphocyte prolifer- 
ation (Flg. 1A).  Nearly identical results 
were obtained with HIV-1 antieens derived - 
frotn baculovirus, yeast, and Chinese ham- 
ster ovary (CHO) cells, whereas control 
antigens derived from the same sources elic- 
ited no responses. The PBMC stimulated 
with p24 resulted 111 the most vigorous lym- 
phocyte proliferation, with SI > 200 to 
baculoviri~s- and CHO-derived antigens. 
Envelope protein gp160 elicited a less in- 
tense but significant lymphocyte prolifera- 
tive resDonse to baculov~rus- and veast-de- 
rived a;tigen. The responses were mediated 
by the CD4+ T lymphocyte subset, as dem- 
onstrated by loss of activity with depletion 
of CD4+ cells (Fig. 1B). These virus-specif- 
ic proliferative responses were highly repro- 
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