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Core Level Analysis of the Surface Charge Density Wave Transition in Sn���Ge(111)
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Photoemission from the surface charge density wave (CDW) system Sn�Ge(111) yields a surpris-
ingly broad Sn core level line shape at room temperature. Our study shows that it consists of three
components, one associated with the normal phase and the other two associated with the CDW phase.
While only the CDW phase is observed at low temperatures, both phases are present at room tempera-
ture. This is due to a 2% defect population within the Sn layer, giving rise to a remnant CDW phase
above the transition temperature.

PACS numbers: 71.45.Lr, 68.35.–p, 73.20.Hb, 79.60.Dp
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Recently, there has been much excitement about surf
charge density wave (CDW) transitions observed in tw
related systems that may represent a new class of sur
phenomenon [1–11]. These systems,1

3 monolayer (ML)
coverages of Sn or Pb on Ge(111), were shown by sc
ning tunneling microscopy (STM) and electron diffrac
tion to change from a room temperature�

p
3 3

p
3�R30±

normal phase to a low temperature�3 3 3� CDW phase
[1–3]. The transition for Sn on Ge(111) has been stu
ied in detail and is known to be gradual, with an appare
onset on cooling down atT2 � �210 K and a completion
temperature ofT1 between 55 and 120 K (�70 K nomi-
nally) [1]. Photoemission studies of this system hav
yielded mixed and controversial results. A major issu
is the line shape of the Sn4d core level. The Sn atoms
are known to occupy theT4 adsorption site in the normal
phase and should give rise to a single core level comp
nent. Yet the observed Sn core level line shape at ro
temperature is much too broad, suggesting a splitting in
multiple components [9–13]. The origin of this splitting
was unknown, and this problem had caused considera
confusion regarding the nature of the surface reconstr
tion and phase transition [3,5,6,9–13]. For example,
recent study by Avilaet al. [9] showed that the line shape
did not change as the sample temperature was cooled
100 K to yield the�3 3 3� CDW phase. They argued tha
the persistent core level splitting and lack of temperatu
dependence could be attributed to dynamic fluctuatio
above the transition temperature. Contrary to previo
results, our high-resolution work shows obvious temper
ture dependence and therefore leads to a very differ
conclusion. The line shape at room temperature is ac
ally a linear superposition of three components, one fro
the normal phase and the other two from the CDW pha
While only the CDW phase is observed at low temper
tures, both phases are present at room temperature.
is due to an inevitable, albeit small percentage (2%) of d
fect in the Sn layer, giving rise to a remnant CDW pha
above the transition temperatureT2.
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Our photoemission measurements were carried out
the Synchrotron Radiation Center (Stoughton, Wisconsin
Spectra were taken with a hemispherical analyzer wi
various energy resolution settings and an acceptance c
angle of61±, 61.5±, or 68±. The spectra shown below
were all taken with a68± collection angle (to minimize
photoelectron diffraction effects; see below) and a syste
resolution of about 100 meV. Further improvement in en
ergy resolution did not result in a noticeable improveme
in the appearance of the line shape. The Ge(111) subst
was prepared from a bulk crystal and oriented to within1±.
Sharpc�2 3 8� reflection high-energy electron diffraction
patterns were observed for the clean (111) surface throu
repeated cycles of sputtering with Ar1 ions at about 650±C
followed by annealing at the same temperature. Sn w
evaporated onto the Ge(111) substrate at room tempe
ture with the amount of deposition measured by a thic
ness monitor. All samples were annealed to 300±C after
deposition. Relative coverages, precise to within 5%, we
also obtained by comparison of the ratio between the to
integrated intensities of the Sn4d and Ge3d core levels
for different coverages. As the Sn coverage was varie
different reconstructions were observed, and the observ
phase boundaries were consistent with the established c
erage values of low-coverage�2 3 2� and high-coverage
�3 3 2

p
3� phases of Sn�Ge(111) [13,14]. The maximum

attainable Sn coverage on the surface after annealing w
verified to be 1.6 ML [15].

Figure 1 shows the surface arrangement of Sn ato
in the �

p
3 3

p
3�R30± normal phase as well as the low

temperature�3 3 3� CDW phase at a Sn coverage o
1
3 ML. STM and surface x-ray diffraction results sugges
all Sn atoms occupy theT4 site for the�

p
3 3

p
3�R30±

normal phase [3,6]. At low temperatures, a charg
transfer occurs resulting in two different charge state
one positive and the other negative, relative to the initi
“neutral” state. These are also referred to, in the literatu
as Sn atoms with an empty dangling bond state and a fill
dangling bond state, respectively. Because the posit
© 1999 The American Physical Society 2789
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FIG. 1. Model drawings of the low temperature �3 3 3� and
room temperature �

p
3 3

p
3 �R30± phases. A surface unit cell

is outlined in each case.

and negative atoms are no longer equivalent, the unit
cell size increases from �

p
3 3

p
3�R30± to �3 3 3�. As

shown in Fig. 1, the positive atoms are twice as many
as the negative atoms; thus, the extra charge on the
negative atoms is roughly twice as much as that for the
positive atoms. This charge transfer is expected to cause
a splitting of the Sn core level from the initial neutral
position to one at a lower (higher) binding energy for the
negatively (positively) charged atoms in the CDW phase.

Figure 2 displays the Sn 4d spectra taken at 300 K
�.T2� and 100 K ��T1� and fitting results for a sample
with a 1

3 ML coverage. Contrary to previous results
[9,11], our spectra are clearly temperature dependent. The

FIG. 2. Sn 4d core level spectra taken from a sample with
1

3
ML Sn coverage at 300 and 100 K. The dots are data points,

and the solid curves are fitting results. The dashed curves are
the background functions used in the fit. Spectra were taken at
normal emission with an acceptance cone of 68±.
2790
observed line shapes were reproducible after multiple
temperature cycles. The line shape for each spin-orbit
component at 100 K suggests the presence of two com-
ponents, S2 and S1, as indicated in Fig. 2. This is con-
sistent with a splitting caused by the charge transfer in
the CDW phase, with the S2 and S1 components corre-
sponding to the negative and positive Sn atoms, respec-
tively. Changing the photon energy results in a visible
modulation ��10%� of the relative intensities between
the two components. Least-squares fitting shows that all
spectra taken at 100 K can be described satisfactorily by
two components, which is consistent with a pure CDW
phase [1]. The 10% intensity modulation can be attributed
to cross section variations and photoelectron diffraction
effects. Such effects are known to be generally more im-
portant for a small analyzer acceptance cone angle. To
minimize this diffraction modulation, the data shown were
taken with the largest acceptance cone angle of 68± avail-
able with our analyzer. Taking the average over a wide
photon energy range (50–130 eV), the intensity ratio be-
tween S1 and S2 is about 1.5. The expected ratio is 2
because the number of positive atoms is twice as many as
the negative atoms. The 25% discrepancy is caused by
defects, which will be discussed in detail below.

In comparison, the line shape at 300 K is puzzling at
first sight. Ideally, all atoms are in the T4 site, and there
should be just one component. The broad line shape in
Fig. 2, with a shoulder on the lower binding energy side,
indicates more than one component. An attempt to fit this
spectrum as well as other spectra taken at temperatures
higher than 100 K with just two components was found
to be unsuccessful—the peak positions shifted by up
to 80 meV and the quality of the fit was poor. With
the addition of a third component, the parameters for
peak widths and positions all were within experimental
accuracy (10 meV). Therefore, a three-component fit
seems proper. The fit for the 300 K spectrum is indicated
in Fig. 2 and consists of three components, S1 and S2 as
before and a new component S0. This new component has
a binding energy in between the S1 and S2 components
and is closer to the S1 component. It is reasonable
to associate this new component with the neutral Sn
atoms in the normal phase, and this assignment will be
substantiated below.

As mentioned earlier, the excess charge on the negative
Sn atoms is roughly twice that of the positive Sn atoms.
Thus the shift of the S2 component relative to S0 is
expected to be larger than that of the S1 component. This
is consistent with our observation. As shown in Fig. 3,
the relative intensities of the three core level components
S1, S0, and S2 vary as the sample temperature is
changed. The intensity of the S0 component drops to zero
at the lowest temperature ��T1�, where the CDW phase is
fully developed. Above the transition temperature T2, it
is a constant. This behavior is consistent with a gradual
phase transition as discussed earlier.
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FIG. 3. Temperature dependence of the intensities of the three
Sn 4d core level components S1, S0, and S2 normalized to
the total intensity taken at a photon energy of 85 eV. The
curves are straight line segments connecting the data points.
The upper transition temperature T2 at about 210 K is indicated
by a vertical dashed line. The short horizontal line segments
near the two ends of each curve indicate the expected limiting
values based on our model. Spectra were taken from the same
sample as in Fig. 2 and under the same conditions.

What is unusual is the persistence of the S1 and S2

components above T2. However, this can be explained
by the persistence of the CDW phase near defects as ob-
served by STM [1,3]. The influence of the defect ex-
tends for about 20 Å. Figure 4 shows the typical charge
state distribution near such a defect based on an analy-
sis of STM pictures in the literature. The closest neigh-
bors to the central defect are mostly negatively charged,
while more distant neighbors can be either positively or
negatively charged, forming a localized �3 3 3� domain.
The net result is that there are more negatively charged
neighbors than positively charged neighbors. Assuming a
mere 2% of defect population within the Sn layer (consis-
tent with estimates based on STM pictures in the litera-

FIG. 4. Model representing CDW phase pinning about a
defect at a temperature above the transition temperature T2.
ture), one could easily calculate the population ratios of
S0:S1:S2 to be approximately 1:0.7:0.8 at room tempera-
ture. These ratios are in agreement with the measured
intensity ratios at room temperature, averaged over pho-
ton energies to minimize photoelectron diffraction effects.
At low temperatures, the rest of the surface transforms
into the CDW phase by growth from the pinned regions.
Because of the same defect pinning, the calculated ratio
between the intensities of the S1 and S2 components is
1.5, which is less than the ideal ratio of 2 and in agree-
ment with our observation. The horizontal bars in Fig. 3
near the two ends of each curve show the calculated rela-
tive weight for each component at both the low and high
temperature limits, and there is a very good agreement
with our measurements. Thus, both the room temperature
and low temperature line shapes are well explained by the
defect model. The reason that such a small percentage of
defect can give rise to a significant contribution of S1 and
S2 in the room temperature spectra is that each defect af-
fects a total of about 30 Sn adatom sites.

Neither STM nor photoemission can provide a defini-
tive assignment of the defect structure, although there is
some evidence for Ge substituting Sn atoms in the ad-
layer [3]. Figure 4 shows that each defect is surrounded
by 16 negative Sn atoms and 13 positive Sn atoms. Thus,
there is a net negative charge, which must be countered
by a positive charge on the defect site. This is in quali-
tative agreement with STM measurements that the defect
site itself exhibits a character of unoccupied state (posi-
tively charged).

The �
p

3 3
p

3�R30± room temperature phase has been
observed for Sn coverages up to about 0.7 ML. Further,
STM work has reported nearly identical images for Sn
coverages between 0.4 and 0.7 ML [13]. The implication
is that the Sn atoms in excess of the ideal 1

3 ML go
into subsurface substitutional sites forming an alloy in the
diamond lattice. Our core level studies at different Sn
coverages are again consistent with these findings. As
the Sn coverage is increased, the S1 and S0 intensities
increase initially, but saturate beyond 1

3 ML. In contrast,
the intensity of the S2 component appears to continue to
increase, suggesting that the Sn atoms alloyed into the
underlying Ge lattice have nearly the same core level
position as S2. This is reasonable because the S2 adatom,
with a filled dangling bond state, has an electronic structure
similar to a fourfold coordinated Sn atom in the diamond
lattice.

Clearly, our core level spectra presented in Fig. 2 are
sharper than and qualitatively different from previous
results [9,11]. For example, the overall asymmetry of our
line shape at room temperature is reversed compared to
that reported by Avila et al. [9]. This difference has led
to the very different interpretation offered by that group as
discussed earlier. Their publication claimed a Sn coverage
of 1

3 ML. However, comparison with earlier publications
suggests that their coverage is likely in excess of 0.4 ML
2791
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[12,13]. As the CDW transition coverage maximum was
reported to be �0.43 ML [5], it is not surprising that
changes in the line shape due to temperature effects could
be reduced or even completely masked by the higher
coverage. As mentioned above, the S2 intensity increases
at coverages higher than 1

3 ML. This could partly explain
the different line shape observed by Avila et al. The angle-
resolved line shape reported by Uhrberg et al. [11] at a
coverage of 0.36 ML is again different and appears to be
midway between our results and the results of Avila et al.
Using a small acceptance cone, a coverage of 0.38 ML, and
similar experimental conditions, we observed a line shape
very similar to theirs. The line shape is different from the
ones shown in Fig. 2 due to the coverage difference and
photoelectron diffraction.

Putting all of the above together, a physically sound
and consistent picture emerges. The Sn 4d core level line
shape at low temperatures consists of two components due
to charge ordering in the CDW phase. As the temperature
rises above T1, a new component emerges at a position
corresponding to the T4 adatom in the normal phase.
This evolution becomes complete at the higher transition
temperature T2. Part of the CDW phase persists above T2
due to static pinning of a local CDW phase by defects at
the 2% level within the adatom layer.
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