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Periodic lattice distortion accompanying the„333… charge-density-wave phase of Sn/Ge„111…
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Surface x-ray diffraction has been used to determine the periodic lattice distortion~PLD! accompanying the
charge-density-wave~CDW! formation in thea phase of Sn on Ge~111!. Scanning tunneling microscopy
observations of the CDW show a;0.5-Å vertical charge corrugation in the image of the Sn atoms, but the
measured vertical ripple in the PLD is almost zero,;0.0460.04 Å. The PLD occurs almost exclusively in the
outermost Ge layer, where a 0.22-Å lateral motion of the three Ge atoms is associated with the Sn atom with
largest amplitude in the CDW. Surprisingly, Sn ion cores move in the opposite direction from valence elec-
trons. These results will be discussed in light of the recent models put forward to explain the CDW formation.
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Thea phase~1
3 of a monolayer! of both Pb~Refs. 1 and 2!

and Sn~Refs. 3 and 4! overlayers on Ge~111! show a dra-
matic charge ordering transition in scanning tunneling mic
scope~STM! images as the temperature is lowered.5,6 Low-
energy electron diffraction~LEED! images show that, a
expected, there is a periodic lattice distortion~PLD! that ac-
companies this charge-density wave~CDW!. The PLD re-
sults in a transition from Ge(111)-()3))R30°-x to a
commensurate Ge(111)-(333)-x ~x is Pb or Sn!
structure,5,6 the details of which are unknown. For the P
system, density-functional calculations by Carpinelliet al.5

indicate that the PLD lowers the total energy of the syste
while for the isoelectronic Sn overlayer a PLD is unstabl6

Experimentally, the CDW phase of Pb is nonmetallic,5,7 in-
dicating that electron correlation stabilizes the PLD, wh
the Sn overlayer is metallic in the CDW phase.6 Recent pho-
toemission measurements by Goldoni and Modesti8 show a
dramatic change in the Sn-induced bands as the CDW fo
indicating ~according to the authors! strong correlation ef-
fects in the Sn CDW. Finally, the photoemission measu
ments on the Sn system8 coupled with response function ca
culations from the calculated Fermi contour6 clearly show
that Fermi-surface nesting is not the driving force for t
CDW formation in Sn, as was speculated for the Pb syste5

The origin of the CDW in both systems is at present u
known. The structure associated with the PLD will be cruc
information for any physical explanation, yet the STM im
ages have shed no light on the nature of the PLD. In fact
average of empty- and filled-state images of the lo
temperature phase approximates the image of the unif
room-temperature phase, implying the CDW need not
volve any atomic displacement of the Sn.6 On the other hand
arguments based upon the relative intensity of the (333)
fractional-order beams in the LEED pattern compared to
integral-order beams point to a lattice distortion of the or
of at least 0.1 Å.9 We have utilized the technique of surfac
x-ray diffraction10 ~XRD! to address the important issue
the magnitude and character of the lattice distortion that
570163-1829/98/57~8!/4579~5!/$15.00
-

,

s,

-

.
-
l

n
-
m
-

e
r

c-

companies the CDW. The data indicate that the PLD is c
fined almost entirely to the Sn and first Ge layer, i.e., no d
reconstruction. Surprisingly, there is little distortion of th
Sn atoms induced by the CDW, but three of the nine
atoms in the surface plane in the new (333) unit cell move
laterally 0.22 Å further towards the Sn atom that, accord
to STM, has an excess of filled states. We will argue that
large distortion places this CDW in the category of
‘‘strong-coupling CDW’’ ~terminology introduced by
Tosatti11!, in contrast to a ‘‘weak-coupling CDW’’ as indi-
cated by the calculations of Carpinelliet al.5 for the Pb sys-
tem.

Surface x-ray diffraction has been utilized because it
greater sensitivity to deeper lattice distortions than d
LEED and involves only kinematic scattering.10 Kinematic
scattering makes analysis significantly easier, considering
large number of atoms in the two-dimensional unit cell, a
allows specific components of displacement to be isola
~along the direction of momentum transfer!, which is not
possible when multiple scattering is significant. The struct
of the low-temperature Ge~111!-~333!-Sn interface was de
termined by fitting data for 13 independent diffraction rod
and compared to the a phase room-temperatur
Ge(111)-()3))R30°-Sn structure determined from 1
independent rods.

Clean, well-ordered Ge~111! surfaces were prepared i
ultrahigh vacuum by repeated Ar ion bombardment and
nealing toT5925 K until a sharpc(238) LEED pattern
was observed. Sn was deposited at room temperature fro
Knudson cell that had previously been calibrated with Aug
electron spectroscopy and STM investigations.6 After depo-
sition of ; 1

3 of a monolayer of Sn, the surface was annea
to 500 K. Annealing resulted in the formation of a sha
()3))R30° overlayer observed with LEED. Diffraction
spots from the new (333) unit cell associated with the
CDW appeared in LEED when the sample was cooled. B
(333) and ()3))R30° LEED patterns exhibitC3v sym-
metry, a symmetry originating with the bulk Ge~111!
4579 © 1998 The American Physical Society
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4580 57BADDORF, JAHNS, ZHANG, CARPINELLI, AND PLUMMER
planes.6 The transition was observed to be gradual and
versible with a critical temperatureTc;215 K, compared to
the value of 255 K for the Pb system.4 X-ray diffraction
measurements were made on beam line x-2A at the Nati
Synchrotron Light Source using az-axis geometry diffracto-
meter and scattering chamber. Diffraction intensities of 1
keV x rays were measured by integrating transverse sc
across surface rods using procedures and analysis desc
previously.10,12Reference surface diffraction intensities we
monitored and new surfaces prepared before changes
ceeded;30%, which allowed scans for up to 12 h
1310210 Torr. To promote surface sensitivity, a logarithm
scale was used to compare calculations from test mo
with measured intensities, which is also how they are m
commonly displayed. Quality of fits are expressed both
R-factor values,R2 ,13 and as reducedx2 values.

Figure 1 shows a ball model of the Ge~111!-
()3))R30°-Sn structure. The bottom picture is a si
view showing the Sn overlayer and three bilayers of G
Both of these diagrams show Ge atoms in the bulk positi
associated with a (131) LEED pattern. The arrows indicat
the direction of the distortion of Ge atoms induced by t
presence of Sn atoms on the surface. Structural param
values are give in Table I. The extended range of momen
transfer in this study compared to the earlier XRD study

FIG. 1. Structural model of Ge(111)-()3))R30°-Sn. The
top is a view from above the surface and the bottom is a side v
Ge atoms are drawn in bulk-truncated positions, with arrows
show the direction of distortions induced by Sn; plus signs indic
motion out of the plane of the figure. Arrow lengths are not to sc
-
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Pedersenet al.4 resulted in a significantly different structur
for room-temperature Ge~111!-()3))R30°-Sn. Both
studies indicate a deep distortion of the Ge atoms cause
the presence of Sn, but in contrast to the Pedersenet al.4

structure our analysis has a very small lateral slide in the
Ge bilayer. In addition, the distance of the Sn from the fi
Ge layer is significantly larger for our structural model~1.91
Å compared to 1.72 Å!. A discussion of the differences an
their basis will be left for a future publication. The importa
observation is that the formation of the Ge~111!-
()3))R30°-Sn structure results in deep but primarily ve
tical distortions of the Ge substrate. There is almost no d
tortion of the first Ge layer~only a 0.05 Å lateral motion of
the Ge towards the Sn!. This is an important observation
since, as we will show, the PLD accompanying the CD
formation is a large lateral motion of the Ge surface atom

When the room-temperature Ge~111!-()3))R30°-Sn
phase is cooled below;215 K, sharp (333) diffraction
spots appear in the observed LEED pattern. With the hi
momentum resolution available with XRD it is seen that t
PLD in the CDW phase is indeed commensurate with
substrate. Peak positions from an ensemble of transv

scans across the nominal (2
3 ,0) rod yield an experimenta

position of ~0.669460.007, 20.005860.015! which is
within error equal to the nominal value.

Figure 2 displays the x-ray diffraction data for the low
temperature (333) structure for 13 different rods acquire
at 90 K. The left-hand panel shows bulk truncation rods a
the right-hand panel displays diffraction rods associated w
the Sn-induced restructuring of the surface. Only one rod

the collected data, the (2
3 ,0), is uniquely associated with th

(333) structure; all of the other surface rods are comm
with both the ()3))R30° and the (333) structure. In
each panel, the top rod is plotted as an absolute intensity
incident photon. Rods beneath have been offset by divid
by a factor of 10 between each curve, with the exception
the (2,21) and~1,0! rods in the left panel, which are offse
by a factor of 100. The best fits to the data are shown a
solid line in Fig. 2 and corresponding parameter values
listed in column 3 of Table I.

Surprisingly little difference, outside of Debye-Walle
thermal effects, are observed in the x-ray diffraction af
cooling. Visually, rods appearing at both temperatures h

the same shape. New diffraction rods, such at the (2
3 ,0) rod

shown in Fig. 2, are extremely weak. Compared to the2
3 ,

2 1
3 ) rod, which has nearly the same magnitude of mom

tum transfer, the (23 ,0) rod has about 1003 smaller intensity.
Low intensity made experimental measurements diffic
even after maximizing the surface sensitivity by using

grazing incidence geometry each data point along the (2
3 ,0)

rod required 5–6 h of data collection.
The similarities in rod intensities shared b

()3))R30° and (333) phases indicate the two structur
are closely related. To illustrate the small changes in
x-ray diffraction data we have compared the structure de
mined from the room-temperature data to the lo
temperature data. The best fit to the low-temperature d
produced ax2 of 1.08, with anR factor of 0.66%~column 3
of Table I!. If one uses the low-temperature structure, fixi
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57 4581PERIODIC LATTICE DISTORTION ACCOMPANYING . . .
TABLE I. Comparison of our structural determination~column 1! for Ge(111)-()3))R30°-Sn with
the previous results of Pedersenet al. ~Ref. 4! ~column 2!. Column 3 lists structural parameters for th
low-temperature Ge~111!-~333!-Sn. Values are given with respect to bulk-truncated atomic positions.
meric subscripts identify the pertinent layer. Parametersd indicate a layer spacing andDd a deviation from
the bulk spacings~0.82 Å within a bilayer and 2.45 Å between bilayers! measured from the midpoint positio
of atoms within the layer. Peak-to-peak values are presented for vertical ripples. In the (333) structure, two
Sn atoms per unit cell and the neighboring Ge (A) are different from the third and its neighbors (B). See Fig.
1 for further parameter clarification. Uncertainties are based on a statistical analysis and represe6s,
assuming normally distributed errors.

Parameter
This study

()3))R30° (Å)
Pedersenet al.
()3))R30°

This study
(333)

Structural parameters
dSn (A) 1.9160.20 Å 1.72 Å 1.8560.22 Å
dSn (B) 1.8160.22 Å
vertical ripple Sn 0.0460.04 Å
lateral slide1 (A) 0.0560.02 Å 0.204 Å 0.0460.02 Å
lateral slide1 (B) 0.2760.02 Å
vertical ripple2 (A) 0.6160.04 Å 0.58 Å 0.4360.09 Å
vertical ripple2 (B) 0.3760.09 Å
vertical ripple3 0.4060.04 Å 0.58 Å 0.3360.03 Å
lateral slide4 0.0460.02 Å 0.106 Å 0.0360.02 Å
Dd12 0.0960.10 Å 20.15Å 0.0160.10 Å
Dd23 20.0760.05 Å 0.00 Å 20.0760.10 Å
Dd34 0.0260.03 Å 0.41 Å 20.0260.02 Å
Dd45 0.0560.02 Å 0.00 Å 0.0260.02 Å

Thermal properties
RMS Sn(z) 0.2860.04 Å 0.195 Å 0.2860.04 Å
RMS Sn(xy) 0.3260.04 Å 0.195 Å 0.2660.04 Å
RMS Ge1(z) 0.2060.05 Å 0.087 Å 0.1760.03 Å
RMS Ge1(xy) 0.1660.04 Å 0.087 Å 0.1560.04 Å
RMS Ge2(z) 0.0960.06 Å 0.087 Å 0.0460.05 Å
RMS Ge2(xy) 0.1860.04 Å 0.087 Å 0.1160.04 Å
RMS Ge3(z) 0.2560.05 Å 0.087 Å 0.0760.05 Å
RMS Ge3(xy) 0.0960.04 Å 0.087 Å 0.0960.04 Å
RMS Ge4(z) 0.2360.05 Å 0.087 Å 0.032 Å
RMS Ge4(xy) 0.0960.03 Å 0.087 Å 0.032 Å
RMS bulk 0.084 Å 0.086 Å 0.032 Å

Quality of fit
x2 1.9 8.7 1.08
R 1.2% 5.5% 0.66%
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the structural parameters but allowing the vibrational para
eters to vary, to fit the room-temperature data one obta
x252.65 with anR factor of 1.86%. If then the positions o
the Sn and outermost Ge layer~1

2 bilayer! are also optimized,
the x2 drops to 2.2 and theR factor to 1.57%. If all the
parameters are optimized, the best fit for the roo
temperature structure is obtained~values in column 1 of
Table I! with x2 of 1.9 and anR factor of 1.20%. The rela-
tively low values ofx2 and theR factor after optimization of
only the Sn and outermost Ge layer lead us to conclude
the lattice distortion responsible for the (333) structure is
primarily displacement of the Sn atoms and Ge atoms in
first plane.

The fundamental difference between the PLD accom
nying the CDW and the reconstruction associated with
room-temperature phase is shown in Fig. 3, where exp

mental intensities for the (2
3 ,0) rod are compared to calcula

tions for out-of and in-plane displacements of the Sn and
-
s

-
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e

a-
e
ri-

st

Ge layer. The physics is quite simple: if the distortion th
causes the (333) structure is only vertical, then there is n
intensity in this in-plane diffraction rod atqz50. The large
intensity atqz50 is a consequence of a lateral distortio
This could be a displacement of Sn atoms; in fact a slide
two Sn atoms per unit cell by 0.2 Å leads to ax2 value of
1.21. A better physical picture and a lowerx2 value ~1.08!
are obtained, however, with a lateral displacement of Ge
oms, which have already shown an inclination to move l
erally ~although much less! in the ()3))R30° phase.

The best (333) structural model, with parameters show
in the third column of Table I, was obtained afterR-factor
comparison to the entire data set of Fig. 2. We restric
models to those consistent with evidence from STM imag
where two atoms per unit cell appear identical, but differe
from the third, and from LEED, whereC3v symmetry is
observed. The inset in Fig. 3 shows a ball model illustrat
the dominant displacements that create the (333) PLD.
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4582 57BADDORF, JAHNS, ZHANG, CARPINELLI, AND PLUMMER
When the surface is cooled, one Sn atom per unit cell dr
0.04 Å closer to the Ge surface, and the three nearest G
drawn 0.22 Å further toward this Sn. Other atoms in the u
cell are to first order unchanged from the ()3))R30°
structure. The Sn displacement is small and is dwarfed by
root-mean-squared~RMS! motion of the Sn; by far the mos
substantial atomic distortion occurs in the outermost
layer. We refer to this model as an ‘‘inverted ripple’’ sinc
the inward displacement of the Sn ion cores is in the oppo
direction from the valence charge observed in filled-st
STM images.

The precise commensurability and the relatively lar
0.22 Å Ge distortion present in this PLD each indicate
CDW originates from forces involving chemical bondin
that is a ‘‘strong-coupling CDW.’’11 Clearly the large cor-
rugation~0.5 Å! in the valence electrons imaged with ST
represents more than a structural change, since the Sn c
gation is small and of the opposite sign (20.04 Å), and
instead indicates a change in orbital occupancy. We can
pothesize as follows. Ge atoms on the clean~111! surface
have one unpaired electron in an orbital oriented directly
from the surface due tosp3 hybridization. These orbitals ar
not optimally oriented to bond to Sn in aT4 site; for Sn at a
distance equal to the sum of the covalent radii of Sn and
(1.4011.2252.62 Å) the orbitals would need to be 62° o
normal to be directed toward the Sn. A compromise
reached. In the room-temperature phase the Sn remains

FIG. 2. X-ray diffraction rods for Ge~111!-~333!-Sn at T
590 K. The solid line is the calculated diffraction intensity for th
best-fit model. The periodic length normal to the surface,c, is 9.80
Å. Curves are offset for clarity.
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ther from the surface, at a Sn-Ge distance of 2.95 Å, and
Ge move slightly in the surface plane toward theT4 site. As
a result the Ge-Sn direction is only 50° away from norm
This is still far from optimal for either the Ge or Sn. At low
temperatures, in the CDW phase, Ge atoms adjacent to
Sn atom per unit cell give up their effort to maintain bondi
well-oriented toward substrate Ge atoms, i.e., give up th
attempt at idealsp3 hybridization. Instead they are laterall
displaced 0.22 Å further toward the Sn, and the Sn dr
0.04 Å toward the Ge, providing better bond overlap b
tween Sn and Ge at the expense of Ge-Ge bonding. T
reduces the Ge-Sn distance by 7.4%, to 2.70 Å, much clo
to the sum of the covalent radii. The hybridization of S
orbitals is of course modified also, and appears as contra
STM images of the CDW phase. In this model, no cha
transfer is required, instead the CDW represents orbital
dering. The actual driving force for this rehybridization mu
involve more than the simple chemical bonding describ
here. Electron correlation is important, otherwise the P
would be the ground state in a local-density approximat
calculation, contrary to calculations by Carpinelliet al.6 Our
measured PLD will set the standard by which new theor
for the CDW can be evaluated.

Research at ORNL was sponsored by Department of
ergy managed by Lockheed Martin Energy Research C
under Contract No. DF-AC05-96OR22464. E.W.P. a
J.M.C. were supported by NSF DMR-9510132, and J.Z. w
supported by NEDO~Japan!.

FIG. 3. Data from the (23 ,0) diffraction rod compared with two
structural models. The lower line includes only vertical distortio
of Sn and first layer Ge, while the upper line includes lateral d
placements of the first layer Ge. A perspective view of the bes
(333) structural model is shown in the inset, with arrows indic
ing displacements relative to the ()3))R30° structure. Displace-
ments are exaggerated for clarity.
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