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Phase transition and electronic state modification by lattice strain in 0.5-monolayer Sn/Cu(001)
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‘We have studied the phase transition of 0.5-monolayer (ML) of Sn-adsorbed Cu(001) surface between
(V2 X \2)R45° structure at high-temperature phase and (3 V2 X \2)R45° structure at low-temperature phase,
which was previously attributed to a charge-density wave (CDW) formation. The (32 X V2)R45° superstruc-
ture was found in a very small area (~3 X 3 nm?). This result disagrees with the predictions by both the weak-
and the strong-coupling CDWs with long coherence. In addition, the observed gap energy and the CDW gap
extending in reciprocal space for the surface resonance band are inconsistent with the strong-coupling CDW
with short coherence. Modification of this band of 0.5 ML Sn/Cu(001) by the lattice compression is studied by
means of N adsorption. The band shifts to the higher-energy side with compressive strain field.
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I. INTRODUCTION

Phase transition in low-dimensional materials has at-
tracted much attention because of its peculiar properties
compared with those in bulk materials. One of the typical
examples is the charge-density wave (CDW) caused by the
electron-phonon interaction. A low-dimensional metallic
state is unstable because of this interaction, and the charge is
periodically modulated in the CDW ground state.'> For an
ideal one-dimensional system, Fermi-surface nesting is al-
ways perfect, and the system can be led to the CDW transi-
tion. On the other hand, concerning two-dimensional systems
such as solid surfaces, there have been a number of argu-
ments on whether CDW drives the phase transition or not.
The type of CDW strongly depends on the strength of
electron-phonon coupling.* In the case of weak-coupling,
CDW is accompanied by the displacement of atoms, and the
CDW correlation length is much longer than the CDW pe-
riod. On the other hand, strong-coupling CDW is character-
ized by a wide band gap and a short CDW correlation length.

Structural phase transition and electronic states for ele-
ments of groups 13 and 14 of the Periodic Table (In, Sn, and
T1) adsorbed on the Cu(001) surface have been studied both
experimentally and theoretically.*” In particular, a correla-
tion was pointed out between the structural phase transition
and the opening of the energy gap in the electronic band
structure around Fermi level (Ey). Thus the phase transition
is interpreted as the CDW formation due to the electron-
phonon interaction with Fermi-surface nesting. For In and Sn
on Cu(001), Aruga* suggested that the CDW transition for
these surfaces is classified into a new category with a strong
coupling and a long CDW correlation length.

Here, we focus on the Cu(001) surface with 0.5-
monolayer (ML) of Sn on average [0.5-ML Sn/Cu(OOl)l
which exhibits a reversible phase transition between a (v2
X \2)R45° phase [high-temperature (HT) phase] and a
(3V2 X \2)R45° phase [low-temperature (LT) phase] at 360
K accompanied with a gap formation of the electronic states
at Ep>8!1 Martinez-Blanco et al.’ claimed that a CDW for-
mation with Fermi-surface nesting of a surface resonance
band is a trigger of the phase transition on the basis of their
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results by angle-resolved photoemission spectroscopy
(ARPES). The observed critical temperature T of the elec-
tronic system is 360 K and the gap energy below Fermi level
is ~0.7 eV at LT phase. In the Peierls theory of weak-
coupling CDW, the gap energy A is described by the formula
A=1.76kzT."> However, the observed value of A is much
larger than that estimated from the observed T using this
formula. Furthermore, the CDW-folding point of the surface
resonance band deviates ~8% from a nesting vector 2k,
where kr denotes Fermi wave number. These suggest strong-
coupling CDW or another mechanism as an origin of the
observed structural transition. The ordering of the surface
lattice would make an energy gap in the electronic band at
the new boundary of the surface Brillouin zone (SBZ). In the
CDW picture, there is another difficulty in how to make an
ordered (y2 X \2)R45° structure from the (3\2>< \2)R45°
one with a missing row of Cu atoms at the surface.'?

When we modify the lattice constant of the surface, we
can expect changes in both the lattice vibration and the elec-
tronic states. These would largely affect the structural phase
transition at the surface especially when the electron-phonon
coupling is important. It is interesting to study how the
change in the electronic states due to the phase transition is
modified by lattice compression. This will give significant
information on the phase transition. Previously, it was shown
that the electronic states of the clean Cu(001) surface change
with the lattice compression due to nitrogen adsorption.'?!3
On a partially N-adsorbed surface, ¢(2X2)-N domains are
formed and coexist with clean Cu surface.'* The surface lat-
tice of the ¢(2 X 2)-N domain is slightly expanded from that
of the wide clean Cu surface, and thus the lattice of the
coexisting clean surface is slightly compressed.!>~!7

In the present study, we have investigated the phase tran-
sition of 0.5-ML Sn/Cu(001) surface by scanning tunneling
microscopy (STM), ARPES, and Sn 4d core-level spectros-
copy to make clear whether the transition is interpreted as the
CDW scenario. In the STM experiment, we used N-adsorbed
Cu(001) surfaces to restrict the domain size of the 0.5-ML
Sn/Cu(001) surface to less than 10 nm?. The CDW with a
correlation length larger than the domain size would be un-
stable in such a small area. The results of the STM observa-
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tion are inconsistent with the both weak- and strong-coupling
CDW with long coherence. The strong-coupling CDW with
short coherence cannot explain the observed gap extending
for &k in reciprocal space (0.1 A~!) and the gap energy (0.7
eV). We have also studied the change in the surface reso-
nance band by the lattice compression with N adsorption.
The band shifts to the higher-energy side with the lattice
compression. This behavior is similar to that of a Cu 4sp
surface state of the clean Cu(001) surface.'?

II. EXPERIMENT

The substrate clean Cu surface was obtained by several
cycles of 1 keV Ar*-ion bombardment and subsequent an-
nealing up to 870 K in a few minutes. The N-adsorbed
Cu(001) surface was prepared by N*-ion bombardment with
the beam energy of 500 eV at room temperature (RT), where
the N, pressure was 1.0X 107> Torr. Subsequently, the
sample was annealed at 470 K for 5 min to make an ordered
¢(2X2) arrangement. Tin was then deposited onto the sur-
face kept at RT from an alumina crucible heated with a tan-
talum filament. Surface structures were observed using STM
(Omicron, Micro-STM) in an ultrahigh vacuum chamber at
RT. The ARPES spectra were measured using an angular
mode of a hemispherical electron energy analyzer (VG
Scienta SES2002 and SES100). Unpolarized He1 (hv
=21.22 eV) and He 11 (hv=40.82 V) radiations were used
as photon sources for ARPES measurement. We also mea-
sured the Sn4d core-level spectra at the beamline 18A
(BL18A) of a synchrotron radiation facility (KEK-PF) using
55 eV photons. The incident angle of the photon was 45°,
and the spectra were taken at grazing emission (60°) with
respect to the surface normal.

III. RESULTS AND DISCUSSION

A. Structure

Figure 1(a) is an STM image of the 0.5-ML Sn/Cu(001)
surface. Parts of the surface Cu atoms are replaced by Sn
atoms. The surface shows a (3\/5 X \/§)R45° periodicity,
which agrees with a former report.'” The protrusions are as-
signed as surface Sn atoms, and Cu atoms cannot be recog-
nized in the image. Two domains coexist on this surface, and
the detailed results on the Sn-adsorbed surfaces by STM
were described elsewhere.!!

Figure 2 exhibits an STM image of Sn-adsorbed 0.3-ML
N/Cu(001) surface. A very narrow (3\/5 X \2)R45° area
(~3%x3 nm?), named B, can be recognized. Domains A are
¢(2X2)-N/Cu(001), and B is a local 0.5-ML Sn/Cu(001)
region. The rectangle denotes the unit cell of the (3 V2
X \/§)R45° structure. The other areas have 3/8-ML Sn/
Cu(001) surface, which is another phase as reported in Ref.
11. Only 1~2 periods (1~2 nm) of the 312 structure exist
within the area.

B. Electronic state

We measured photoemission spectra at hv=21.22 eV
along line A in TM direction as shown in Fig. 3(a). The
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FIG. 1. (a) STM image (5X5 nm?) of the Cu(001) surface
covered with 0.5 ML of Sn on average. The rectangles in the STM
image denote the unit cells of (3 V2 % \E)R45° phase in two differ-
ent domains. (b) Schematic ball model of the surface structure. The
gray and white circles denote Sn and Cu atoms, respectively.

results for 0.5-ML Sn/Cu(001) are given in Fig. 3(b). Here,
the average coverage of Sn was confirmed by observing the
(3\/5 X \2)R45° low-energy electron-diffraction (LEED)
spots. The binding energy versus momentum (E-k) curves
can be drawn from the photoemission spectra as shown
in Fig. 3(c) using the following formula: k
=0.512V(hv—Eg—Ey), where Ej is the binding energy and
Eyy is the work function of the sample. The latter was experi-
mentally obtained from the cut-off energy of secondary pho-
toelectrons. Two dispersive bands named S| and S, are seen
because of the existence of two domains as in the former
report.’> These bands are ascribed to the sp-like surface reso-
nance bands.*5 The S, band, which behaves as in the V2

FIG. 2. STM image (10X 10 nm?) of Sn/N/Cu(001) surface.
Domains A are ¢(2X2)N/Cu(001), and B is a local 0.5-ML Sn/
Cu(001) region. The rectangle in the domain B denotes the unit cell
of (S\EX VE)R45° structure. The other areas have 3/8-ML Sn/
Cu(001) surface, which is another phase as observed in Ref. 11.
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FIG. 3. (Color online) (a) SBZ for 1X1 (gray line),

(V2 X \2)R45° (solid line), and (312 X \2)R45° (dashed line). The
unshaded areas denote the bulk band gaps. (b) ARPES spectra for
0.5-ML Sn/Cu(001) surfaces. (c) Surface S; and S, band dispersion
for 0.5-ML Sn/Cu(001). The symbols show the experimental data
and the solid lines are fitting results by a simple one-band model
with parabolic dispersion. The dashed lines are guides for the posi-
tion of k.

phase and is observed similarly in the HT phase,5 crosses the
Fermi level. On the other hand, the S, band, which is ob-
served only in the LT phase, folds back at ~0.7 eV below
Er.

C. Comparison with CDW scenario

First, we exclude the CDW with a long correlation length
as an origin of the phase transition. As shown in Fig. 2, the
(3 V2% V2)R45° superstructure is made even in a region as
small as 3X3 nm’ The result indicates the correlation
length (£cpw) to be as short as 2 nm. Thus, the observed
superstructure cannot be explained by both the weak- and the
strong-coupling CDWs with a long correlation length. More-
over, in such a small area, we further consider the quantiza-
tion of the electronic states in S, band. The estimated
electron-level separation can exceed the energy gap of S,
band, and thus, the gap formation due to the CDW formation
little helps to reduce the total free energy. The weak-coupling
CDW picture is inconsistent with the observation shown in
Fig. 3(c) because the wave number at the band-folding point
of the S, band deviates from the kp of the S; band.

Second, we discuss another possible CDW with a strong
electron-phonon coupling and a short correlation length.
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FIG. 4. (Color online) Sn 4d core-level spectra for 0.5-ML Sn/
Cu(001) at HT and LT phases. The circular plots are data points and
the solid line is fitting result. The dashed curve is the background
function used in fitting process.

Here, a gap extending for ok in reciprocal space is estimated
from the structure in the small area by 2w/ &cpyw. If the
(3v2 % \E)R45° structure is interpreted as the strong-
coupling CDW with a correlation length &-pw as short as
~2 nm, the gap extending in reciprocal space and the top of
the S, band should be more than 0.3 A~ and 2 eV below
Ep, respectively. These values are much larger than the ob-
served extending gap (0.1 A~') and the top energy (0.7 eV)
of S, band by means of ARPES in Fig. 3(c). Thus, the phase
transition cannot be explained by the CDW scenario of this
type.

All the above experimental results imply that the phase
transition from LT phase to HT phase of 0.5-ML Sn/Cu(001)
surface cannot be attributed to the existing CDW mecha-
nisms. It is considered that the band merely folds back at the
Brillouin-zone edge of LT phase. It is well known that the
band can fold back at the Brillouin-zone edge even if there is
no CDW in the system.

D. Results of core-level spectroscopy and type of phase
transition

Figure 4 shows the Sn 4d core level at both HT and LT
phases. The photon energy was set to 55 eV. The Sn 4ds),
and 4d5,, peaks are located at 23.7 and 24.8 eV below Fermi
level, respectively. The core-level spectrum at the LT phase
was fitted by a Voigt function with a single component. The
best fitting result is shown by a solid line, in which the spec-
trum is broadened by the Lorentzian and Gaussian functions
with the full width at half maximum (FWHM) of 0.21 +0.01
and 0.22 =0.01 eV. Here, the value of the FWHM of Gauss-
ian function is consistent with the energy resolution of the
apparatus. The fitting result of HT phase is the same as that
of LT phase within the error of the experiments. There is no
detectable shift of the core-energy level and there is little
change in the line shape in the spectra between LT and HT
phases. These indicate that the chemical bonding state is not
influenced by the structural phase transition between HT
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phase and LT phase. This result is consistent with the above
conclusion that the structural phase transition is not linked to
the formation of a charge-density modulation. We note that
to interpret the result using the CDW scenario, we should
take the core-level shift due to the CDW formation to be less
than 50 meV. Otherwise, we could detect a change in the
spectrum shape.

One of the possible mechanisms of the phase transition in
the 0.5-ML Sn/Cu(001) surface is an order-disorder transi-
tion with a lack of long-range order in the (3 \52 X \E)R45°
periodicity due to thermal effect. Here, the (312 X \E)R45_°
surface at LT phase is an ordered surface and the (v2
X \2)R45° surface at HT _phase is a disordered one. It is
noted that the ordered (v2X\2)R45° structure cannot be
formed by a continuous movement of the surface Sn and Cu
atoms in_the ordered (3v2 X \2)R45° structure because the
(312 X \2)R45° structure includes a missing row of the sur-
face Cu atoms.!? Thus, the possible structure in HT phase is
that the missing rows of the surface Cu atoms are disordered
to maintain the local structure of the surface Sn and Cu at-
oms almost the same as that in LT phase. For the core-level
spectrum, the line shape is not influenced by the order-
disorder phase transition because the time scale of the pho-
toelectron emission process is much shorter than that of the
thermal fluctuation of the structure. On the other hand, the
absence of the extra (3y2 X \E)R45° spots in the low-energy
electron diffraction and surface x-ray diffraction at HT
phase, which were shown in Ref. 5, can be explained as the
lack of the long-range order of the missing row with thermal
fluctuation.

Similar surface resonance bands were reported for In-
adsorbed Cu(001) surfaces. Submonolayer In on the Cu(001)
surface shows a structural phase transition at around 400 K,
where the dispersion of the surface resonance band is very
similar to that of Sn/Cu(001). Moreover, only a small region
of the Fermi surface satisfies the nesting condition as in Sn/
Cu(001). So far, the phase transition has been classified into
the strong-coupling CDW with a long CDW correlation
length.* However, the above experimental results suggest
that the order-disorder transition without CDW has to be
considered as a candidate for the transition mechanism as
well as the 0.5-ML Sn/Cu(001) system.

E. Band modification by lattice compression

In this subsection, we discuss the energy shift of the reso-
nance band on the partially N-covered surface. Figures 5(a)
and 5(b) show STM images of the 0.1-ML N-adsorbed
Cu(001) surface and 0.45 ML of Sn deposited on 0.05-ML
N-adsorbed Cu(001) surface on average at RT, respectively.
Hereafter, we abbreviate the former as 0.1-ML N/Cu(001)
and the latter as 0.45-ML Sn/0.05-ML N/Cu(001).

The dark areas in Figs. 5(a) and 5(b) are the c¢(2
X 2)-N/Cu(001) domains, and the bright areas are the clean
Cu(001) and Sn/Cu(001) surfaces, respectively. The clean Cu
regions in Fig. 5(a) are compressed by the N adsorption as
detected by ARPES.!>!3 It was previously demonstrated that
noble and magnetic transition-metal atoms do not adsorb on
the N/Cu(001) domains at RT when they are deposited on the
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FIG. 5. (Color online) (a) STM image (15X 15 nm?) of 0.1-ML
N-adsorbed Cu(001) surface. The dark areas are c(2
X 2)-N/Cu(001) domains. The bright area is the clean Cu surface.
(b) STM image (15X 15 nm?) for 0.45-ML Sn/0.05-ML N/Cu(001)
surface. The dark areas are c¢(2X2)-N/Cu(001) domains. The
bright areas are 0.5-ML Sn/Cu regions. (c) The equivalent band
structures beyond M point for 0.5-ML Sn/ (dashed line) and
0.45-ML Sn/0.05-ML N/Cu(001) (solid line).

partially N-adsorbed Cu(001) surface with a slow deposition
rate.'® The attractive force between these atoms and the
N-adsorbed surface is so weak that the atoms diffuse to the
clean Cu surface at least just after the deposition. We con-
firmed by a number of STM images that the
Sn atoms also adsorb exclusively on the clean Cu
area of N/Cu(001). On the N-adsorbed area, the
¢(2X2)-N/Cu(001) structure was clearly observed by STM
even after the Sn deposition. Thus, we can easily adjust the
density of Sn atoms on the clean surface to be 0.5 ML. On
0.45-ML Sn/0.0;S-ML_N/Cu(OOl), the Sn-adsorbed Cu(001)
area has the (32 X y2)R45° structure at RT as shown in Fig.
5(b), indicating the formation of LT phase. Because of the
coexisting ¢(2 X 2)-N/Cu(001) domains, the lattice of the
LT-phase areas is compressed.

The E-k curves are shown in Fig. 5(c). The dashed and
solid lines correspond to the bands for 0.5-ML Sn and
0.45-ML Sn/0.05-ML N/Cu(001), respectively. The kg of S;

band and the band-folding point of S, band between I' and

M for 0.45-ML Sn/0.05-ML N/Cu(001) shift to the lower-
wave-number side compared with those for 0.5-ML Sn/
Cu(001). On the other hand, for the equivalent bands (S| and
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S}) beyond the M point, the k. and the folding point shift to
the higher-wave-number side. This is opposite to the behav-
ior expected in the case that both bands shift to momentum
direction with the modification of SBZ by the lattice com-
pression. In this case, the kz and k should shift to the same

direction. We notice that the M point, which can be deter-
mined from the middle of the ky and k., shows no shift by
the N adsorption within the experimental accuracy. This
means that the modification of the lattice constant for the
Sn/Cu area was not detectable as the momentum shift of the
electronic states. Thus, we conclude that the S; (S}) band
shifts to the higher-energy side, not to the higher- or lower-
wave-number side. The energy of the sp-derived band
largely changes with the compressive strain potential. Sekiba
et al.'® reported that a Cu 4sp surface state of the clean
Cu(001) surface shifts to the energy direction by the similar
small amount of N-atom adsorption.

We can exclude the influence of the possible coexisting
impurity surface phases because of the error in the amount of
Sn in the results of ARPES in the following way: If a minor
fraction of Sn atoms is adsorbed on N-covered parts of the
surface, 3/8-ML Sn/Cu(001) phase would coexist with
0.5-ML Sn phase in the Sn/Cu area as seen in Ref. 11. How-
ever, as described in the Appendix, the energy dispersion of
the resonance band in 3/8-ML Sn/Cu phase can be clearly
discriminated from that of 0.5-ML Sn/Cu phase; the differ-
ence in the dispersion between them is larger than the band
modification induced by the compressed strain field. Thus, it
is considered that the influence on the electronic band struc-
ture is negligible at both HT and LT phases even if there are
a small fraction of Sn atoms on the ¢(2 X 2)-N patch. When
the total amount of local Sn density is larger than 0.5 ML,
the 5/8-ML Sn/Cu(001) phase coexists with the 0.5-ML Sn/
Cu(001) phase. In this case, however, there is no detectable
electronic band from the 5/8-ML Sn/Cu(001) phase in this
E-k region, and the influence on the electronic band structure
is again negligible at both HT and LT phases.

The STM observation of 0.45-ML Sn/0. 05 ML N/Cu(001)
surface confirmed the formation of the (3 \r2>< \V2)R45°-Sn
alloy structure. The kr and the band-folding points of S,
band for 0.45-ML Sn/0.05-ML N/Cu(001) shift to the lower-
wave-number side compared with those for 0.5-ML Sn/
Cu(001). On the other hand, the modification of SBZ is not
detectable. Here we can assume that the k in LT phase is the
same as ky in HT phase because this is the case on the sur-
face without N adsorption.” Then, the nesting vector become
~7% larger than 1/3 of the (\2 X \2)R45° reciprocal-lattice
vector on the nitrogen-modified surfaces. This means that
0.5-ML Sn/Cu(001) area forms the (3\2 X \2)R45° period-
icity even if the exact condition of the Fermi-surface nesting
is broken. Thus, this result using the compressive strain field
supports that the exact Fermi-surface nesting is not the re-
quired condition for the structural phase transition between
the (\2X2)R45°-Sn and (3v2X2)R45°-Sn structures.
Here, we note that this is inconsistent with the weak-
coupling CDW scenario, which is sensitive to the nesting
condition.

IV. CONCLUSION

We have studied the phase transition of the 0.5-ML Sn/
Cu(001) surface using STM, ARPES, and Sn 4d core-level
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spectra. In the STM observation, a very small region with the
(3\2><\2)R45° structure of the 0.5-ML Sn/Cu(001) was
found at RT. This result disagrees with the predictions by the
both weak- and the strong-coupling CDWs with long coher-
ence. The strong-coupling CDW with short coherence cannot
explain the observed gap extending in reciprocal space
(0.1 A~') and the gap energy (0.7 eV) which are evaluated
from the band structure shown in Fig. 3(c). We have sug-
gested that the possible mechanism of the phase transition is
the order-disorder one instead of the previously assigned
CDW transition on the basis of the structure of LT phase
with a missing Cu row. In HT phase, the missing row should
be disordered. We have also studied the Sn 4d spectra and
the change in the surface resonance band of 0.5-ML Sn/
Cu(001) surface by the lattice compression. The observed
Sn 4d spectra are independent of the phase transition. The k
of the surface resonance band S; in LT phase shifts to the
higher-energy side with compressive strain field. The folding
point of the S, band in LT phase shift to the lower-wave-
number side. If it is the same as the k; in HT phase, the exact
nesting condition of the Fermi surface for the weak coupling
with long coherence CDW scenario is broken. These are con-
sistent with the above conclusion on the phase transition.
Note added in proof. Recently, a related paper by J
Martinez-Blanco et al. (Ref. 21) was published. The same
system was studied by ARPES in detail, and discussion on
the phase transition and coherence length of CDW based on
their results is similar to ours. However, their conclusion as
to the nature of the phase transition is quite contrary to ours,
which is based on the results by several different approaches.
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FIG. 6. (Color online) [(a)-(d)] Energy dispersion images of the
surface resonance bands for clean Cu(001) and 1/5-, 1/3-, and

3/8-ML Sn/Cu(001) surface in the TM direction of SBZ.
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APPENDIX: SURFACE RESONANCE BANDS DEPENDING
ON TIN COVERAGE

Sn/Cu(001) system exhibits a variety of surface structures
depending on the Sn coverage in the submonolayer
region.®~!1-19 Here, we briefly present the results of ARPES
and discuss the electronic states for the 0-, 1/5-, 1/3-, 3/8-,
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and 5/8-ML Sn/Cu(001) phases. The sample temperature
during the measurements was set to 125 K for the 0-, 1/5-,
1/3-, and 5/8-ML Sn/Cu(001) phases. Concerning the
3/8-ML Sn/Cu(001) phase, the temperature was set to 425 K.
Figure 6(a)-6(d) show the energy dispersions of the surface
resonance bands for the clean Cu(001) and 1/5-, 1/3-, and
3/8-ML phases Sn/Cu(001) surfaces. No similar resonance
band is observed in the same area of the k space for the
¢(4 X 4) surface with 5/8-ML Sn coverage. Unpolarized He It
(hv=40.82 eV) radiation was used as photon sources for the
ARPES measurement. The dispersions agree with the free-
electron-like behavior. The surface resonance band for the
clean surface reproduce the results of the previous band
calculation.? It is found that the &y of the surface resonance
band shifts to the higher-wave-number side with increasing
the Sn coverage. In addition, the effective mass of the elec-
tron of 0.5-ML Sn/Cu(001) is heavier than those of clean Cu
and 1/5-, 1/3-, and 3/8-ML Sn/Cu(001).
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