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The first surface x-ray diffracHon experiments were made at AT&T Bell Laboratories at the end 
of the 1970's by Eisenberger and Marra [1], just as the final plans for the NSLS were being 
draXed and the construcHon was geYng under way.  These were rotaHng-anode-based 

experiments on the Ge(100) surface in which the 
surface structure was determined correctly.  This 
dramaHcally proved the feasibility of the 
technique.  The small signals of 1 count per 
second obtained were a parHcular limitaHon in 
an experiment where the surface itself only 
remained alive for a limited period because of 
residual gas in the vacuum system.  Surface 
diffracHon was therefore one of the visions on 
the horizon of new possibiliHes in the minds of 
the first PRTs to build at NSLS and several groups 
considered this to be one of the reasons to start 
thinking about synchrotron-based programs, 
where several orders of magnitude increases of 
flux would be available.  The PRT groups that 
included surface diffracHon in their original plans 
were from BNL Physics (X22), SUNY (then X21), 
IBM-MIT (X20) and AT&T (X16). 
 
Today the original groups are sHll acHve and 
many more have joined.  Table I lists the 
beamlines that have developed the necessary 
instrumentaHon.  It also lists the affiliaHons and 
principal invesHgators involved with these 
developments at the last count.  The conHnuing 
health of the field can be gauged by the large 
number of new proposals to build beamlines at 

the Advanced Photon Source (APS) that involve equipment to carry out surface diffracHon.  I 
will not aeempt to describe the details of the experimental methods, except to outline the 
hardware requirements and then devote the rest of this arHcle to summarizing a number of 
important scienHfic developments in the field that all took place at NSLS in the last year. 
 
The technique differs from tradiHonal x-ray diffracHon only in the sense that the sample 
environment is as bulky and complex as the diffractometer itself, so requires a rather 
specialized design.  The sample environment is a ultra-high vacuum (UHV) system capable of 
10-10 torr pressure, which is usually several hundred kilograms in weight.  From table I it is clear 
that the community is divided in its choice of soluHons, roughly half elecHng to carry the 

 
Figure 1. Specular reflecHvity profile 
(00L crystal truncaHon rod) of Cu(110) 
measured by Helgesen et al of X22C at 
the three temperatures indicated [2]. 



weight fully on the axes of the diffractometer, the others engineering a way to pass the precise 
moHons through the vacuum wall to the sample inside.  Some of the designs are hybrids and 
have been labelled somewhat arbitrarily.  The diffracHon measurements that inform us about 
the surface of a crystal are those that lie in between the Bragg reflecHons of the bulk crystal.  
The intensiHes are weaker typically by the raHo of the volumes of the surface to bulk regions 
probed (squared) or 6 to 8 orders-of-magnitude. 
 
The thermal properHes of the clean Cu(110) surface have been probed in experiments carried 
out by G. Helgesen et al [2] from the BNL Physics department on beamline X22C.  The data, 
shown in figure 1, consist of X-ray reflecHvity profiles as a funcHon of temperature, extending 
from the origin to beyond the first Bragg peak.  The bulk peaks, at H=0 and H=2 on the 
horizontal scale used, are substanHally taller than 
the logarithmic verHcal scale can display.  Since the 
reflecHvity funcHon, suitably normalized, is the 
same as one of the crystal truncaHon rods [3, 4], 
these data were analyzed using the standard 
kinemaHc theory.  The asymmetric minimum 
indicates that the top surface layer is contracted at 
all temperatures, but its inward shiX with T reports 
that the magnitude of the contracHon (relaHve to 
the laYce itself) diminishes with T, demonstraHng 
the property of anomalous thermal expansion of 
the surface, in this case three Hmes larger than the 
bulk. 
 
The detailed analysis that provided the theory 
curves through the data of figure 1 also included a 
stack of layerwise thermal vibraHon amplitudes, 
also evaluated as a funcHon of T.  Clear anharmonic 
contribuHons were seen, as evidenced by the 
upward bending of the curve of amplitude versus T, 
starHng about 700K for the top two layers of 
Cu(110). Deeper layers were found to have the 
same linear dependence as the bulk. These 
anharmonic effects amount to a three-fold 
enhancement in the top-layer amplitude by 920K.  
This study found no roughening transiHon in the 
range 300-920K, and saw only the anharmonic correcHons to the classical Debye model of 
thermal vibraHon, as had an earlier He atom scaeering invesHgaHon by Zeppenfeld et al [5]. 
 
The structure of thin Xe films on Ag(111) was the subject of recent experiments carried out on 
beamline X18A, also using specular reflecHvity.  AXer the considerable technical 
accomplishment of cooling the substrate to 33K under UHV condiHons, P. Dai et al from the 
University of Missouri observed the characterisHc intensity oscillaHons associated with the 
growth of Xe films formed by dosing from a differenHally pumped nozzle [6].  The data shown 
in figure 2 correspond to interrupHons in the growth aXer approximately 1 and 3 monolayers.  
The curves that accurately describe the data required the adjustment of occupaHon 

 
Figure 2. Specular reflecHvity profile 
(00L crystal truncaHon rod) of Xe 
mulHlayers on Ag(111) measured by 
Dai et al of X18A at coverages of 
approximately 1 (top panel) and 3 
(boeom panel) monolayers [6]. 



parameters in mulHple layers, indicaHng a 
progressively increasing roughness of the film 
with thickness, as might be expected if the 
lateral diffusion of physisorbed Xe at 33K were 
severely limited. 
 
The structure of the clean Mo(001) surface 
was invesHgated by D. M. Smilgies et al on 
beamline X16A [7].  Measuring this low-
temperature reconstrucHon with x-ray 
diffracHon was a major tour de force because 
of its extreme sensiHvity to hydrogen 
contaminaHon; even then, it could only be 
studied for 8 minutes following each 
preparaHon.  The structure was found to have 
the 7rt2xrt2 symmetry recently idenHfied by 
helium scaeering experiments.  Figure 3 shows 
how this is made up of alternaHng striped 
regions that locally resemble the W(001) 
reconstrucHon, with its familiar zig-zag chain paeern of displacements.  The three independent 
sideways displacements shown are 0.23 Å, 0.23 Å and 0.21 Å respecHvely, indicaHng a 
uniformly displaced structure.  The value for W(001) was 0.24 Å.   The similarity of Mo and W 
is aeributed to the similarity of the 4d and 5d orbitals that are primarily responsible for 
cohesion in the solid. 
 
The anHphase relaHonship of the stripes and the domain walls of undisplaced surface Mo 
atoms between them, highlighted by the dashed mirror lines in figure 3, is the feature that is 
novel to Mo(001).  It is probably associated with a surface phonon, seen by helium atom 
scaeering, that appears to soXen upon cooling and freeze at the same temperature (120K) and 
same q-vector (3/7 of the <11> zone boundary) as the ordered phase.  It has been proposed 
that this arises because of electron-phonon interacHons within a charge density wave. 
 
Surface criHcal exponents on Si(113) were measured in experiments carried out by D. L. 
Abernathy et al of MIT on beamlines X20 and X25 [8].  Si(113) was selected for these 
experiments because it the surface undergoes a phase transiHon at 959K, below which it is 
ordered and flat and above which it disorders conHnuously by introducing surface steps.  What 
makes the phase transiHon interesHng is that there are only two possible kinds of monatomic 
steps which are inequivalent to each other, so the transiHon has the symmetry of the 3-state 
chiral Poes model, about which there have been some important theoreHcal predicHons, 
untested by experiment before this study. 
 
Because of the chirality, the surface diffracHon peak posiHon is no longer Hed to the 1/3-order 
posiHon above the transiHon.  The displacement in k-space, which is the incommensurablity 
along with the peak widths, Dx and Dy, are ploeed versus reduced temperature, t, in log-log 
format in figure 4.  All three parameters vary as power laws of t as expected, but the numerical 
values have considerable significance: they do not conform to the established theories 

 
Figure 3. Structural model of the clean 
7rt2xrt2 Mo(001) surface determined by 
Smilgies et al of X16A [7]. 



depicted by the dashed lines in the figure.  
This quesHon is a challenge for further 
theoreHcal study. 
 
These four recent examples demonstrate 
considerable progress in the sophisHcaHon of 
the surface science problems being 
addressed over the 12 years since the first 
work of Eisenberger and Marra [1].  I believe 
it is accurate to state that more than half of 
the surface x-ray diffracHon experiments ever 
performed have taken place at NSLS.  Many 
of the results, parHcularly where high 
resoluHon is involved, have changed the face 
of the surface science field altogether.  The 
reliable structure determinaHons have shown 
chemists that the surface affects the crystal 
structure not just in one layer of atoms but 
for many layers below.  The work on two-
dimensional ordering transiHons has had 
important consequences for the 
corresponding theory.  Best of all, there has 
arisen an altogether new branch of physics, 
which we might call `surface staHsHcal 
mechanics' that concerns the thermal 
properHes of surfaces.  The x-ray diffracHon 
experiments have stood almost alone in 
showing that a surface is not at all an inert 
slice through a bulk crystal, but has its own 
thermal expansion and vibraHon amplitudes, 
can have its own melHng point and even has 
its own unique class of phase transiHons, which lie between two and three dimensions, called 
roughening transiHons. 
 
Increasingly at NSLS, there is outside user parHcipaHon in the surface x-ray diffracHon faciliHes 
listed in Table I.  Historically this has been relaHvely rare because of the difficulty of learning 
how to use the complex instrumentaHon.  Brave users are seeing the advantages to their own 
research programs and so are becoming less inHmidated.  Many of these are scienHst who are 
planning to build up programs associated with the APS, and would like to dirty their hands 
before siYng down to the drawing board.  This certainly should be encouraged from the 
educaHonal point of view, to say the least.  Interested users should not hesitate to contact the 
individuals listed in table I about access. 
 
 
 
 
 

 
Figure 4. The incommensurablity along 
with the peak widths, Dx and Dy, versus 
reduced temperature for Si(113) above its 
disordering temperature.  These data were 
measured by Abernathy et al of X20 [8]. 
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TABLE I 
 
Surface diffracHon instrumentaHon at NSLS 
 

Beamline InsHtuHon Constructed by 
(group of) 

Design 

    
X3 SUNY Peter Stephens 2-circle FT 
X10 Exxon     Kevin D'Amico 

Keng Liang 
5-circle FT 

X16 AT&T Paul Fuoss 
Ian Robinson 

5-circle FT 

 AT&T Ken Evans-Lueerodt Portable 
X18 U. Missouri Hak Taub Portable 
X20 IBM Paul Horn Portable 
 IBM Glenn Held 4-circle FT 
 MIT Bob Birgeneau Portable 
 MIT Simon Mochrie 5-circle FT 
X22 BNL Physics Doon Gibbs    4-circle FT 

 
NotaHon used:  
n-circle FT   StaHc vacuum chamber with precision feedthrough (FT) is coupled to a 
diffractometer with n orientaHonal degrees of freedom.  5-circle designs include addiHonal 
rotaHon of incident beam or detector.  6-circle would include both. 
 
Portable Vacuum chamber is mounted on diffractometer. 


