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Periodic lattice distortion accompanying the charge-density-wave transition for Sn/Ge„111…
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The periodic lattice distortion~PLD! accompanying the charge-density-wave~CDW! transition~at 260 °C!
in the a phase of Sn on Ge~111! has been determined by combining the distinct sensitivities of low-energy
electron diffraction~LEED! and surface x-ray diffraction~SXRD!. New LEED I -V data combined with a
SXRD analysis yield a significant lattice distortion. The PLD accompanying the CDW transition is a 0.37-Å
vertical rippling of the Sn atoms accompanied by a perpendicular~0.17 Å! and parallel~0.12 Å! distortion of
the first-layer Ge atoms, consistent with a band Jahn-Teller-like distortion.@S0163-1829~99!01128-5#
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A charge-density-wave~CDW! transition has been ob
served for thin films~a phase with1

3 monolayer density! of
Pb and Sn on the~111! surface of Ge, using a variable tem
perature scanning tunneling microscope~STM!.1,2 STM im-
ages reveal a (333) symmetry in the low-temperature CDW
phase with the filled and empty state images be
complimentary.1,2 Electron-diffraction studies of both o
these systems show that there is a commensurate lattice
tortion that accompanies the CDW transition, from a roo
temperature (A33A3)R30° structure~labeledA3! to a (3
33) low-temperature structure.1,2 For the Pb film, first-
principles density-functional calculations confirmed that
CDW (333) phase was in fact the ground state of the s
tem, and that the Fermi contour of the high-temperatureA3
phase, confirmed by angle-resolved photoemiss
measurements,3 had a shape that would suggest Fermi s
face nesting.1 It was proposed, based on these calculatio
that the transition was driven by Fermi surface nesting,1 but
stabilized by electron correlation effects, since experime
showed that this CDW transition was accompanied by
metal-to-nonmetal transition,1,4 unexplainable with band
theory.

At first glance, the behavior of the Sn film is very simil
to that of the Pb film. The CDW transition is at260 °C
compared to220 °C for Pb, the STM images are near
identical, and the commensurate lattice distortion, as s
with low-energy electron diffraction~LEED!, is qualitatively
similar. Upon close inspection, the details are significan
different. First-principles density-functional calculation
show that the CDW configuration is not the ground state
PRB 600163-1829/99/60~4!/2860~4!/$15.00
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Sn/Ge.2 Both theory2,5 and experiment6 indicate that Fermi
surface nesting is not an appropriate model for this tran
tion, and there is no metal-to-nonmetal transition f
Sn/Ge.2,6 Scandoloet al.5 proposed, based on theoretical ca
culations, that theA3 phase is paramagnetic and is unsta
towards a commensurate spin-density wave with periodi
(333) and magnetization13. Le Lay et al.7 proposed, based
on core-level data, that dynamic fluctuations between
sp3/sp2 hybridization states at room temperature would co
dense into a (333) low-temperature phase. A key to dete
mining the origin of the CDW transition in the Sn/Ge~111!
system is the structure of the periodic lattice distortion
companying the electronic transition.

A recent surface x-ray-diffraction~SXRD! study of the
PLD for the Sn/Ge system reported a quite surprising str
ture, which in several ways is counterintuitive.8 The best fit
to the experimental data was a structure that had no mea
able distortion in the Sn layer and a 0.2-Å lateral distorti
of three of the nine surface Ge atoms. The scattering r
associated with the new (333) structure were very weak
and consequently the data set unique to the (333) was lim-
ited. The width of the Sn-induced rod associated with
(333) CDW phase gave a correlation length of 90620 Å.
We have utilized LEEDI -V measurements to examine th
surface structure in detail. In principle, the enhanced surf
sensitivity of LEED compared to SXRD should allow for
more detailed determination of the Sn-Ge bonding confi
ration. What we find is that the structure~for both phases!
determined by LEEDI -V is, at face value, inconsistent wit
the SXRD structure. A structure consistent with both LEE
2860 ©1999 The American Physical Society
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and SXRD can be obtained if the specific sensitivities
each technique are understood and utilized.

Preparation and characterization of the Sn/Ge interf
have been adequately described in previous papers.2,6 Nor-
mal incidence LEEDI -V data were collected with a com
mercial video-LEED system in a magnetically shield
vacuum chamber operated at a pressure less than 1310210

Torr. The experimental LEEDI -V data sets were formed b
averaging all recorded equivalent beam intensities as a f
tion of incident electron energy. Measurements at room te
perature of theA3 phase utilized nine inequivalent beam
$~1

3
1
3!, ~2

3
2
3!, ~1

3
4
3!, ~4

3
1
3!, ~0 1!, ~1 0!, ~1 1!, ~0 2!, and~2 0!%

with a total energy range ofDE51300 eV. The CDW (3
33) structure was determined at 100 K using 11 inequi
lent beams$~0 2

3!, ~2
3 0!, ~1

3
1
3!, ~2

3
1
3!, ~2

3
2
3!, ~1

3
4
3!, ~4

3
1
3!, ~0 1!,

~1 0!, ~0 2!, and~2 0!% over an energy range of 1165 eV.
Analysis of the LEEDI -V spectra was carried out usin

standard multiple-scattering algorithms combined w
automated-tensor LEED.9 Thirteen atomic phase shifts of G
~Sn! were employed in our calculations, which we deriv
using the muffin-tin potential approximation with a Ge~Sn!
muffin-tin radius of 1.5436~4.0889! a.u.10 Electron attenua-
tion was included by the energy-dependent imaginary par
the optical potentialVoi modeled by the equationVoi5C
$E/(200/27.211Vor)%

1/3, where E is the incident electron
energy~eV!, C is a constant optimized during the search, a
Vor is the real part of the optical potential, which is a co
stant optimized during the search. The agreement betw
the experimental and calculated spectra is judged by the
dry R factor (RP), whereRP<0.25 for an acceptable struc
ture, and the error bar in the structural determination follo
the definition of Pendry.11

Since the PLD distortion accompanying the CDW tran
tion is defined as the change in the structure between theA3
high-temperature and the (333) low-temperature phases,
is critical to start with a well-defined structure for the hig
temperature phase. The basic structure of theA3 phase was
determined by SXRD in 1987~Ref. 12! and refined with a
more extensive data set in 1998.8 Column 2 of Table I lists
the structure for this phase determined by the recent SX
study8 where the quality of the fit is measured withR2 .13

Column 3 is the best-fit structure from our LEEDI -V analy-
sis. A comparison of columns 2 and 3 shows that there is
face value, qualitative disagreement between the two st
tures. The vertical height of the Sn atoms above the Ge
face is appreciably different, and while LEED shows that
first three or four layers of Ge are contracted towards
bulk, SXRD shows a general expansion. This difference
be quantified by looking at theR factors shown at the bottom
of the table.

The answer to this puzzle is contained in the relative s
sitivities of each technique, which can be understood in
plot of momentum transfer normal to the surface, shown
Fig. 1. LEED is a backscattering process, with comparativ
high momentum particles, so that the momentum tran
perpendicular to the surface is inherently large. In contr
surface x-ray-scattering experiments utilize a low angle
incidence with smaller perpendicular momentum transfer.
the same time, the interaction strengths of the two pro
~electrons and photons! are quite different. The presen
LEED analysis is consequently more sensitive to perpend
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lar distortions and outermost layers, while the SXRD stu
with which we are comparing, is more sensitive to the p
allel distortions and deeper layers. It is important to note t
the small perpendicular momentum transfer shown in Fig
for SXRD is not an inherent property of this technique. T
significant improvement in beam intensity at a third gene
tion synchrotron would appreciably enhance the perpend
lar sensitivity of SXRD.

Given the sensitivities of the two different techniques, w
have searched for a structure consistent with both data
The first step was to assume that the lateral distortions fo
by SXRD were correct and allow the LEED search progr
to vary only the vertical distortions. This produced a stru
tural model withRP50.239, almost as good as the best-
structure shown in column 3 (RP50.22). When this new
structural model was compared to the SXRD data, a valu
R250.014 was obtained. This process was then iterated;
is, the vertical positions obtained by LEED are assumed
the SXRD data are fit to obtain a new set of lateral distorti
etc. Iteration did not improve the fit. The structural mod

TABLE I. Comparison of the LEED, SXRD, and combine
LEED/SXRD structure for Ge(111)-(A33A3)R30°-Sn.Ddi is the
vertical distance of thei th plane with respect to the position of a
ideally bulk truncated surface.dSn is the vertical distance of the S
from the first Ge layer. The geometry of this surface is shown
Fig. 1 of Ref. 8.

Parameters~Å! SXRD LEEd I -V LEED/SXRD

dSn 11.910 ~60.20! 11.750 ~60.11! 1.75
Dd1 10.088 ~60.10! 20.024 ~60.04! 20.018
Dd2 10.028 ~60.05! 20.042 ~60.05! 20.030
Dd3 10.085 ~60.03! 20.067 ~60.05! 20.059
Dd4 10.052 ~60.02! 20.027 ~60.06! 20.030
Laterald1 0.050 ~60.02! 0.030 ~60.15! 0.050
Vertical d2 10.609 ~60.04! 10.562 ~60.04! 0.556
Vertical d4 10.410 ~60.04! 10.463 ~60.06! 0.426
Laterald4 0.040 ~60.02! 0.182 ~60.17! 0.040
^u&Sn(z,xy) ~0.280,0.320! ~0.333,0.333! ~0.280,0.300!
^u&Ge(1,2) ~0.180,0.140! ~0.244,0.190! ~0.160,0.140!
^u&Ge(3,4) ~0.170,0.160! ~0.109,0.109! ~0.160,0.130!
^u&Ge bulk 0.084 0.109 0.084
Rp /R2 0.450/0.012 0.220/0.034 0.239/0.01

FIG. 1. A comparison of the perpendicular momentum trans
for different beams. The SXRD range is taken from Ref. 8 and
LEED from this work.c59.80 Å is the repeat distance going int
the bulk, three bilayers.
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which gives the best fit to both sets of data is presente
column 4 of Table I. The LEED/SXRD@LEED# structure
gives a Sn-Ge bond length of 2.86 Å@2.87 ~60.18! Å#, with
a ‘‘pinching’’ in of the three Ge atoms in the surface pla
by 0.05 Å @0.03~60.15! Å# ~see Fig. 1 in Ref. 8!. Within
experimental error all Ge-Ge bond lengths are the sam
the bulk value of 2.45 Å for both LEED and LEED/SXRD
structures. This structure does have an angular distortio
the Ge-Ge bond compared to the idealsp3 hybridization.

A structure of the low-temperature (333) phase deter-
mined by SRXD has already been published, where the P
was attributed to the motion of the Ge atoms in the surf
plane @Ge(2B) in Fig. 2# surrounding one of the three S
atoms ~B!. There was no significant vertical distortion o
either the Sn atoms or the Ge surface atoms.8 When this
structural model is compared to the LEEDI -V data, the re-
sulting RP50.70 is totally unacceptable. The best fit to t
LEED data~column 2 of Table II! produces a very differen
structure with appreciable vertical rippling in both the S
layer ~0.36 Å!, one atom up~B! and two down~A and C!,
accompanied with a lateral~0.20 Å! and vertical~0.16 Å!
distortion of the first Ge layer. When this structure, det
mined by LEED, is compared to the SXRD data, the agr
ment is again poor,R250.022 compared to the value o
0.0066 reported for the fit to the SXRD original structur
model.8 Again, as we did for the room-temperatureA3
phase, we have searched for a structure that is compa
with both the LEEDI -V and SXRD data. In this search, S
atomsA andC have been constrained to have the same r
tive position and the SXRD fitting procedure has more
rameters than used originally. Table II lists in column 3 t
distortions that are experimentally significant for the LEE
SXRD structure.

Generally speaking, it is clear what has occurred. T

FIG. 2. Structural model of Ge~111!-~333!-Sn. The top is a
view from above the surface and the bottom is a side view. T
arrows show the direction of the distortion-induced charge orde
transition with respect to theA3 phase, i.e., the difference betwee
the (333) andA3 structures.
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surface has reduced its symmetry to lower its energy. T
occurs through a vertical rippling of the Sn layer which i
duces distortion in the Ge first bilayer~see Fig. 2!. All of the
resulting distortion results in changes in bond angles try
to minimize any changes in the bond lengths. Consider fi
the structural changes associated with Sn(B). The outward
displacement of Sn(B) accompanied by inward and upwar
motion of the Ge(2B) atoms creates an appreciable increa
in the tetrahedral bond angle@Sn-Ge~2!-Ge~4!#, from 65.5°
for theA3 phase to 77.1° for the (333) phase. There is also
a change in the Ge tetrahedral bond angle defined
Ge(2B)-Ge(4B)-Ge(6B), from 118° for theA3 to 122° for
the (333). Therefore, the bonding of the Sn to the Ge in t
B site becomes mores-pz-like.14 The downward motion of
Ge atoms 2A and 2C causes a slight increase in the disto
tion in the tetrahedral formed by Ge(2A)-Ge(3A)-Ge(5A),
driving Sn atomsA and C to be morepx-py bonded. The
tetrahedral formed by the three Ge~2! atoms, the second
layer Ge~3! atom, and the third-layer Ge~5! atom is more
complicated to explain due to the lateral distortion of Ge~3!.
The Ge~3!-Ge~5! axis is tilted by 3.5° with respect to th
surface normal. The three Ge~3!-Ge~2! angles ~associated
with type A, B, and C Sn! are distorted by16°, 11°, and
16° with respect to the Ge~3!-Ge~5! axis. The azimuth bond
angles in the plane perpendicular to the 3-5 axis are
identical, distorted to 127°, 115°, and 118°, with respect
the ideal value of 120°.

The interplay between the electronic structure, the g
metrical structure, and the lattice dynamics can now be
derstood, at least qualitatively. The system lowers its e
tronic energy by lowering the symmetry and the price paid
bond-angle distortions is less than the energy gained.14 The
physics is nearly an ideal case of a band Jahn-Teller dis
tion, discussed by Friedel.15 A recent calculation by Ortega
Pérez, and Flores16 using a local-orbital self-consistent i
local-density approximation~LDA !, molecular-dynamics
~MD! technique gave the first indications that this brok
symmetry structure might be the ground state. They repo
stable (333) structure~40 meV per Sn atom! very similar to
the structure presented in Table II, a vertical distortion in

e
g

TABLE II. Structural distortion measured with LEED, the com
bination of LEED and SXRD, for the low-temperature (333)
phase compared to the room-temperatureA3 phase. The geometry
of the surface is shown in Fig. 2.

Structural parameters~Å! with respect toA3 structure
LEED I -V LEED/SXRD

DSn ~A andC! ~A! 20.101 20.015
~C! 20.061

DSn ~B! 10.294 10.355
Dd1 ~A andC! 20.077 20.036
Dd1 ~B! 10.086 10.134
Lateral 1-B 0.199 0.117
Lateral 3 0.260 0.148
^u&Sn(z,xy) ~0.293,0.293! ~0.210,0.221!
^u&Ge(1,2) ~0.178,0.117! ~0.143,0.044!
^u&Ge bulk 0.078 0.032
Rp /R2 0.20/0.0220 0.24/0.0108
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Sn of ;0.35 Å ~one atom up, two down! accompanied by a
vertical distortion in the Ge layer of;0.20 Å.16 The struc-
ture is stabilized by the reduction in symmetry splitting t
Sn-derived band into two bands with the one band be
completely occupied. This lower band is primarily associa
with the up Sn atom~B in Fig. 2!. The;12° increase in the
Ge(4B)-Ge(2B)-Sn(B) bond angle enhances thes-pz hy-
bridization in the Sn(B) bonding, fully occupying the Sn
dangling hybrid.16 Therefore, the filled-state image in STM
shows one bright Sn atom and two dark Sn atoms.2 The
upper band is partially occupied and primarily associa
with the two down Sn atoms~A and C!. The primarily pz
charge character for these atoms~A andC! is shoved above
the Fermi surface, explaining the empty-state STM imag2

The photoemission measurements reported in Ref. 16 s
two bands consistent with this band Jahn-Teller-like dist
tion.

There are still numerous unanswered questions conc
ing the nature of the transition in these systems. If this i
band Jahn-Teller-like distortion at low temperature, th
should be an appreciable increase in the rms motion of
atoms above the transition temperature. Tables I and II s
that in fact the inverse happens. The effective Debye te
perature is lower for the low-temperature phase. The sec
problem is that the published LDA calculation says that
(333) CDW configuration is not stable.2 Even the LDA
calculation for the Pb overlayer that predicted a stable~3
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33! structure~7 meV per Pb atom! had a very small~0.02 Å!
vertical distortion in the Pb atoms~two up and one down!
and an;0.1 Å lateral distortion of the Ge.18 Ortega, Pe´rez,
and Flores16 checked the validity of their local-orbital self
consistent approach by performing a plane-wave LDA cal
lation which gave a similar (333) structure, for which the
calculated stability was only 5 meV per Sn atom. Our det
mination of the PLD should become the target for calcu
tions of the CDW stabilizing force. It is essential to dete
mine the stability of the structure presented in this pa
using afully converged LDA calculation. Most likely addi
tional electron correlation effects will be important in th
stabilization of both the Sn and Ge films. Avilaet al.16 have
already made this point, comparing the measured bandw
~Sn derived! of ;0.5 eV with the calculated effective intra
site Coulomb interaction of 0.55 eV.17 In addition, it has
been shown that defects can stabilize the CDW,2 and theory
has suggested that spin and magnetism are important in t
systems.5,19,20
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