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Strong Correlation Effects in the (3 3 3) Charge Density Wave Phase of SnyyyGe(111)
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Angle resolved photoemission spectra of SnyGes111d-a phase show a transition from a dispersive
state at 295 K in the metallics

p
3 3

p
3 d phase to a state with negligible momentum dispersion in the

s3 3 3d charge density wave (CDW) phase at 110 K. A depletion of density of states at the Fermi level
is observed in photoemission and electron energy loss spectra at 110 K. These effects and the splitting
of the Snpz band at 110 K point to correlation effects as the cause of the transition to the CDW state.
[S0031-9007(97)04382-2]

PACS numbers: 79.60.Dp, 73.20.At
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Several surface adsorbate phases (e.g., PbyGe(111)
s3 3 3d [1–3], KySi(111)-s

p
3 3

p
3 dR30±-B [4], 6H-

SiC(0001) s
p

3 3
p

3 d [5]) which have an odd number
of surface electrons in their unit cell, and therefore shou
be metallic in a simple band picture, are instead insula
ing according to photoemission or electron energy lo
spectra. These surfaces have similarT4 adatom structures
in a triangular lattice with relatively long distances be
tween adatoms dangling bondss5.4 7 Åd. Appreciable
correlation effects are expected in the half-filled danglin
bond derived band, since its dispersion is comparable
the estimated Coulomb repulsionU between electrons on
a lattice sites0.5 2 eVd [4,6]. A nice example of these
effects is provided by the KySi(111)-s

p
3 3

p
3 dR30±-B

surface, whose photoemission and inverse photoemiss
spectra have been recently interpreted in terms of a tw
dimensional Mott-Hubbard insulator [4]. These overlay
ers form a class of systems in which correlation effects
a two-dimensional electron liquid can be studied with a
the available surface science techniques and in which
electron density and the degree of long range structu
order can be varied.

The a phases of PbyGe(111)-s
p

3 3
p

3 d and of
SnyGe(111)-s

p
3 3

p
3 d show a transition from a normal

metallic phase to a commensurate charge density wa
(CDW) state below 250 and 210 K, respectively [1,7]. I
the case of PbyGe(111), this transition has been reporte
to be accompanied by the opening of a gap at the Fer
level a few tens of meV wide [1–3]. It has been propose
that the transition to the low temperature CDW state
driven by the nesting of the Fermi surface [1], and a Ferm
surface vector of the right magnitude has been reported [
However, new local density approximation (LDA) calcu
lations for SnyGe(111)-a phase [6,7] indicate that Fermi
surface nesting does not play a role in thes

p
3 3

p
3 d !

s3 3 3d transition. The calculated nesting vector is large
than theGK distance, i.e., the value that would give ris
to the commensurates3 3 3d CDW. Therefore, the rele-
vance of the Fermi surface nesting and the role play
instead by correlation effects in the transition from th
66 0031-9007y97y79(17)y3266(4)$10.00
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normal metallic state to the surface CDW state is an op
question.

Angle resolved photoemission spectroscopy can prov
experimental data on the Fermi surface of these syste
and on the one-electron spectral distributionAsk, vd in the
normal and in the CDW phase, that contains the inform
tion on the correlation effects in the electronic structu
of the systems. Low energy electron diffraction (LEED
and scanning tunneling microscopy data (STM) indica
that the structure of the Sn overlayer is only weakly pe
turbed by the 210 K transition [7], therefore changes in t
photoemission spectra can be attributed to correlation
fects if also the substrate is weakly affected. Moreove
the SnyGe(111)s

p
3 3

p
3 d ands3 3 3d surfaces can be

easily grown with low density of defects [8], contrarily
to the case of PbyGe(111), making the application of the
angle resolved photoemission technique to this surfa
fully meaningful. In this Letter we present angle-resolve
photoemission spectra and electron energy loss spe
(EELS) of the surface states of SnyGe(111) that brings out
appreciable many body effects in the CDW state.

Sn was dosed onto an-type Ge(111) substrate (Sb doped
0.1 V cm) at room temperature and the coverageu was
estimated by Auger spectroscopy [9] and LEED. Th
s3 3 3d phase can be observed by LEED foru between
0.28 monolayer (ML)s1 ML ­ 7.21 3 1014 atoms cm22d
and 0.43 ML in samples annealed between 480 and 570
and then cooled below 200 K. The sharpests3 3 3d LEED
pattern was observed at about 0.35 ML and at 110
The s3 3 3d LEED pattern transforms into as

p
3 3

p
3 d

gradually and reversibly when the temperature is rais
above 200 K. This pattern is stable up to 550 K. The ang
resolved photoemission spectra were measured by a he
spherical analyzer with an energy resolution of 40 me
and an angular acceptance of61± sDk 6 0.03 Å21d with
21.2 eV photons (HeI) at an incidence angle of,20±.
Spectra taken with an angular acceptance of60.4± are
similar to those reported in this Letter. The Fermi lev
was measured with an error of65 meV taking spectra of
the Ta sample holder and of 2.5 ML Sn films grown o
© 1997 The American Physical Society
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the same Ge(111) substrate. The EEL spectra were m
sured with a Leybold-Hereaus ELS-22 spectrometer se
an energy resolution of 15 meV.

The dispersion of the Snpz derived surface state is evi-
dent in the 295 K photoemission spectra shown in Fig.
According to the LDA calculations [7] the Sn dangling
bond band is above the Fermi levelEF at G, crossesEF

midway betweenG and K and goes about 0.3 eV below
EF at K. In agreement with the calculations our 295
photoemission spectra show a,0.4 eV broad peak that is
absent nearG, has a maximum at a binding energy (B.E
of 0.1 eV when the parallel wave vectorq is 0.3 0.4 Å21

and shifts at 0.3 eV belowEF at K sq ­ 0.61 Å21d. The
lower panel of Fig. 1 shows the dispersion of the Sn i
duced band obtained by plotting the energy of the ma
mum of the Sn induced peak (circles) or by fitting th
spectra with Gaussians and a linear background multipl
by the Fermi distribution function (squares). The extrap

FIG. 1. Upper panel: Photoemission spectra of thes
p

3 3p
3 dR30± (295 K) and of thes3 3 3d phase of SnyGe(111) at

110 K as a function of the parallel momentumq along theGK
direction of thes

p
3 3

p
3 dR30± Brillouin zone. This zone and

that of thes3 3 3d structure are shown by dashed and by sol
lines, respectively, in the upper part of the figure. The valu
of q refer to electrons with 0 eV B.E. Lower panel: Dispersio
of the Sn peak (see text).
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lation of these data to the Fermi level gives a Fermi wav
vector of0.2 0.3 Å21 at 295 K.

In contrast to the 295 K results, the spectra of th
sample in thes3 3 3d CDW phase at 110 K show a peak
at a constant binding energy (0.23 eV) fromG to K and
M, while a second structure with a 0.15 eV dispersion ap
pears close to the edge of thes

p
3 3

p
3 d Brillouin zone

at about 0.4 eV B.E. A Gaussian peak at0.23 6 0.03 eV
is necessary to fit the lowest B.E. structure in the whol
range ofq. These results are in contrast with the LDA cal-
culations of SnyGe(111)-a phase [6,7], according to which
the s

p
3 3

p
3 d structure is stable against thes3 3 3d re-

construction at lowT and the band structure does not
depend on temperature. According to these calculation
appreciable dispersion should be observable also at 110
A stables3 3 3d phase at low temperature has been foun
by LDA calculations for PbyGe(111)-a phase [1]. The
calculated low temperature band structure of this syste
is very similar to that obtained by simply folding back
the band structure of the 300 Ks

p
3 3

p
3 d phase and

does not show any adatom induced band between 0.05 a
0.6 eV forq . 0.2 Å21. Therefore the negligible disper-
sion of the Sn derived 0.23 eV peak and the second peak
0.4 eV cannot be explained either by the SnyGe(111) or by
the PbyGe(111) calculations. The SnyGe(111) spectra are
in agreement with the LDA calculations only in the norma
s
p

3 3
p

3 d phase. The large difference in dispersion be
tween 295 and 110 K indicates that while the electrons i
the Snpz band are delocalized in thes

p
3 3

p
3 d phase,

they become strongly localized in thes3 3 3d CDW phase.
This fact, and the presence of the second band at 0.4 e
emphasize the importance of the electron correlation in th
system.

The linewidth of the surface state in the photoemissio
spectra is quite large, the full width at half maximum is
about 0.3 eV at 110 K and between 0.3 eVsq ­ 0.3 Å21d
and 0.6 eV sq ­ 0.7 Å21d at 295 K, according to the
fits with Gaussians. It is comparable to that observe
in another strongly correlated surface system, KySi(111)-
s
p

3 3
p

3 dR30±-B [4]. A Gaussian Frank-Condon en-
velope caused by the excited phonons of the localize
positive-ion final state is a plausible explanation for the
large width [4]. If phonon excitations in the final state are
the cause of the broadening they should also shift the ph
toemission peak [10]. Therefore the binding energy of th
surface state can be appreciably less than that indicated
the maximum of the photoemission peak and the value
the Fermi wave vector obtained from the band dispersio
(lower panel of Fig. 1) may be underestimated.

Similarly to the case of PbyGe(111) [2], the photoemis-
sion intensity at the Fermi levelIF decreases by about a
factor of 2.5 when the temperature is lowered to 110 K
(Figs. 1 and 2). This effect is not due to surface photovol
age or charging of the sample since other sharp structur
of the photoemission spectrum (not reported in Fig. 1) d
not shift to higher binding energy when the temperature
lowered. Moreover, the Fermi edge of 2.5 ML Sn films
3267
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FIG. 2. Photoemission intensity at the Fermi levelIF at 295 K
(filled circles) and at 110 K (empty circles), slope of the low
binding energy side of the Sn induced peak (triangles) a
intensity of the Sn induced peak at 295 K (squares) as
function of q along theGK direction.

grown on the same Ge substrate does not shift with te
perature within 5 meV. The decrease of the intensity
the Fermi level is therefore caused by a strong depletion
density of states atEF in the CDW phase. Figure 2 shows
the wave vector dependence ofIF along GK (filled cir-
cles). The maximum is reached atq ­ 0.43 6 0.03 Å21

at 295 K. The same figure also shows the maximum slo
of the low B.E. side of the Sn induced peak (triangle
and the integrated intensity of the same structure at 295
(squares), measured by fitting the spectra with Gaussia
as a function ofq. Our experimental energy resolution
40 meV, is much less than the intrinsic width of the pho
toemission peaks. Therefore the crossing of the Fer
level of the Sn band should be marked by the maximu
of IF , the maximum of the slope of the spectra in the 0.1
0 eV B.E. region [11] and the point at half height in the in
tegrated intensity data. All these criteria give a Fermi wa
vector alongGK of 0.43 6 0.04 Å21, while the value nec-
essary to explain the CDW transition as an effect of th
nesting of the Fermi surface is0.30 Å21 [1]. These re-
sults are in agreement with those obtained for PbyGe(111)
by us [2], but in contrast with those of the Madrid group [3
and with the Fermi wave vector estimated from the ba
dispersion in Fig. 1. We believe that the discrepancy b
tween the value obtained from the band dispersion and t
obtained from the data of Fig. 2 comes from the broade
ing and the shift of the Snpz photoemission peak caused
by electron-phonon and electron-electron interaction. B
cause of these effects the energy of the maximum of t
photoemission peak may overestimate the binding ene
of thepz states and the Fermi vector deduced from Fig.
may be underestimated.

We have checked if the measured spectra were th
of thes

p
3 3

p
3 d ands3 3 3d phases and if contributions

from other phases were present. Figure 3 shows the int
sity of the 0.2 eV photoemission peak as a function of S
coverage and annealing temperatureTa. The intensity of
the 0.4 eV peak follows the same behavior. These inte
3268
nd
a

m-
at
of

pe
s)

K
ns,
,
-

mi
m
–
-
ve

e

]
nd
e-
hat
n-

e-
he
rgy
1

ose

en-
n

n-

FIG. 3. Photoemission intensity at 0.2 eV (circles), at t
Fermi level at 110 K (crosses) and HREELS intensity
0.2 eV (squares) as a function of Sn coverage (right pan
and annealing temperature (left panel). The ranges in wh
the s2 3 2d, s3 3 3d, s

p
3 3

p
3 dR30±, and s5 3 5d LEED

patterns are observed at 110 K are also shown.

sities have a maximum whenu andTa are those that give
the bests

p
3 3

p
3 d and s3 3 3d LEED patterns at 295

and 110 K, respectively, while they are strongly quench
when other phases, indicated in Fig. 3, are present. N
of these phases has photoemission peaks between 0
0.5 eV.

The depletion of density of states at the Fermi level
the low temperature CDW phase indicated by the pho
emission data can be checked by measuring the elec
energy loss spectrum. The EELS of thes3 3 3d phase is
shown in Fig. 4 and compared to that of the same sam

FIG. 4. Electron energy loss spectra of the normal (295
and of the CDW (110 K) phase of SnyGe(111) measured in the
off specular scattering geometry shown in the upper part of
figure. Note the decrease of the scattering cross section be
150 meV and the broad hump at about 200 meV in thes3 3 3d
CDW phase.
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in the s
p

3 3
p

3 d phase at 295 K. There is a clear de
crease of the scattering cross section at energies lower t
150 meV and an increase between 150 and 600 meV wh
the temperature is lowered to 110 K. This again indicate
that the density of states is appreciably depressed near
Fermi level in the CDW state and that the spectral weig
of the electronic excitations moves to higher energies. T
EELS is similar to that of the PbyGe(111)s3 3 3d surface
[1], but in our case the structure at about 0.2–0.3 eV
less prominent. The 0.2 eV hump is present in the spe
tra measured in scattering geometries that maximize t
sensitivity to impact scattering, i.e., off specular geometr
Its intensity has a sharp maximum at low primary elec
tron energies (3–3.8 eV) and becomes quickly negligib
at higher primary energies. The associated electronic tra
sitions are therefore dipole forbidden [12] and may b
excited by exchange scattering. When the sensitivity
dipole scattering is maximized (specular geometry), on
a metallic Drude tail of the elastic peak is observed up
0.6 eV, the intensity of which decreases by a factor of 2
between 295 and 110 K. The intensity of the 0.2 eV EEL
hump follows closely the coverage and annealing tempe
ture dependence of the Snpz photoemission peak, having
a maximum when thes3 3 3d LEED pattern is strongest
(Fig. 3, squares). Therefore the 0.2 eV structure belon
to thes3 3 3d CDW phase.

The CDW phase of SnyGe(111) is still metallic since the
s3 3 3d photoemission spectra show appreciable intens
at EF, and the specular EELS shows a metallic Drude
like tail even at 110 K. The photoemission intensity a
EF at 110 K is higher in thes3 3 3d phase than in the
other phases [disordered,s2 3 2d, s5 3 5d, s

p
3 3

p
3 d at

higher coverages] by at least a factor of 2 (see Fig. 3
Therefore the residual intensity of thes3 3 3d phase is
not due to regions of the sample that are in another pha
Both photoemission and EELS indicate a decrease of t
density of states atEF by a factor0.4 6 0.1 with respect
to the 295 K phase. The calculated LDA band structure
SnyGe(111)-a phase [7] does not depend on temperatu
and that of PbyGe(111)-s3 3 3d [1] is nearly identical
to that obtained by folding back thes

p
3 3

p
3 d band.

Therefore these calculations, providing the same dens
of states at low and at high temperature, do not expla
the effects observed atEF . Some of the states removed
from the Fermi region are shifted to higher binding energ
(0.2 eV), in particular in the central part of the Brillouin
zone, according to the photoemission data. The spectr
of the electronic excitations from the filled to the empt
adatom states is about 0.6 eV wide, with a maximum
0.2 eV (Fig. 4). Therefore the experimental data indica
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that correlation effects in the low temperature CDW phas
tend to split the surface Sn derived band into two subban
separated by,0.2 eV or more. The splitting measured
by EELS may be less than the separation of the subban
because of excitonic effects [4]. This splitting is not com
plete since the density of states atEF does not vanish.

Model Hartree-Fock, local spin density approximation
and Lanczos calculations for this type of surface phase [
predict a reduced density of states atEF and a spreading
of bands 0.2–0.6 eV below the Fermi level. The band
are neatly split, as in our 110 K spectra, if the amplitud
of the commensurate surface charge density wave is larg
These theoretical results are consistent with the observ
photoemission and EELS spectra.

In conclusion, the negligible dispersion of the Sn band i
the CDW state indicates electron localization and therefo
important correlation effects in thes3 3 3d CDW phase of
SnyGe(111). This is also confirmed by a strong depletio
of spectral weight atEF with respect to the room tempera-
ture data and by the splitting of the filled Sn band.
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