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Fermi surface gapping and nesting in the surface phase transition of Sn/Cu(100)
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We identify and characterize a two-dimensional phase transition in a layer of Sn on Cu(100). The stable
phase at room temperature has a (3 \EX \5)R45° structure. Above ~360 K, a new phase with (\5
X \E)R45° structure is formed. The high-temperature phase exhibits a quasi-two-dimensional free-electron
surface band, with Fermi surface nesting in excellent agreement with the three-times larger periodicity of the
low-temperature phase. A momentum-dependent band gap opens along the nested areas of the Fermi surface in
the low-temperature phase. The phase transition is a clear experimental confirmation of the role of Fermi-
surface gapping and nesting in the stabilization of a commensurate two-dimensional phase, which is interpreted

as a charge-density wave.
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Two-dimensional (2D) phase transitions triggered by a
gain in electronic energy have deserved ample attention dur-
ing recent years.'® The most important example of this kind
is the formation of a charge-density wave (CDW). The CDW
state is an easily accessible, macroscopically coherent state
with very interesting properties.'"1? As the CDW sets in, the
lattice reorders slightly, giving rise to a periodic lattice dis-
tortion (PLD) and a new supercell. The loss of elastic energy
is compensated in the new supercell by a gain in electronic
energy related to the opening of a band gap 2W. This process
is favored when a significant fraction of electrons is affected,
i.e., if there are large parallel portions of the Fermi surface
separated by 2ky (nesting). Then, the spatial periodicity of
the PLD is 2@/2kr and the nested portions of the Fermi
surface are eliminated in the CDW state. The reduced coor-
dination at the surface of a crystal might help CDW stabili-
zation, but due to the complex experimental phenomenology
the assignment is difficult and often disputed.”*° Nakagawa
et al.” have reported that 0.5 monolayers (ML) of In on
Cu(lOO) exhibit a reversible phase transition from a (y2
X V2)R45° phase above ~350 K to a charge-ordered (92
X 212)R45° phase below. While a surface band gap is ob-
served concomitantly with the phase transition, the nesting
vector 2k does not correspond with the periodicity of the
PLD. Thus, the role of Fermi-surface nesting versus other
driving forces (like elastic energy) must be analyzed. Our
motivation to study Sn/Cu(100) was threefold. First, in view
of the properties of In/Cu(100), we considered other
adsorbate/substrate combinations that exhibit similar recon-
structions. Indeed, it is not clear whether the CDW stabiliza-
tion is related to the particular band filling and lattice ener-
gies of In or is a more general phenomenon. In, Sn, TI, Pb,
and other elements form (n\2 X m\2)R45° reconstructions
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when adsorbed on the (100) surfaces of noble metals. Sec-
ond, it is imperative to test several theoretically derived con-
cepts, including Fermi-surface nesting, which are not evident
in the case of In/Cu(100), but seem to play a crucial role in
other systems.’ Finally, the simpler (3\2 X y2)R45° structure
of the Sn overlayer could help to understand the relevant
energies involved. This idea is supported by the atomic
model proposed for this surface,'? which can be interpreted
in terms of a one-dimensional PLD (see also below).

In this paper, we report angle-resolved photoemission
spectroscopy (ARPES), low-energy electron diffraction
(LEED), and surface x-ray diffraction (SXRD) measure-
ments of 0.5 ML of Sn atoms on Cu(100). The use of ARPES
allows us to directly probe the electronic band structure near
the Fermi energy, while LEED and SXRD provide structural
infolmation. Above ~360 K, the surface presents a (\5'2
X V2)R45° superstructure (in the following, v2). A surface
free-electron-like band defines a 2k nesting vector equal to
1/3 of the \2 reciprocal lattice vector. In excellent agree-
ment with this nesting vector, a reversible phase transition to
a (3\e’5>< V2)R45° structure (in the following, 3v2) is ob-
served at 360 K. The phase transition is associated with the
partial 5apping of the Fermi surface in areas coinciding with
the 3v2 zone edge. We discuss the interpretation of this
phase transition as the stabilization of a surface CDW.

The experiments are performed using three different ul-
trahigh vacuum chambers. ARPES experiments use synchro-
tron light from beamline 33 at MaxLab (Lund, Sweden) and
from the APE beamline at Elettra Laboratory (Trieste,
Italy).'* SXRD experiments are done at the IDO3 beamline of
the European Synchrotron Radiation Facility (Grenoble,
France). The 3v2 structure is produced by deposition of 0.5
ML of Sn at 300 K. The coverage is calibrated from the
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FIG. 1. (Color online) (a) LEED patterns at 70 eV primary en-
ergy for 0.53 ML Sn/Cu(100) at (a) 300 and (b) 440 K. (c) Inte-
grated rintensity and peak width of the (5/6,5/6) x-ray reflection of
the 312 phase vs temperature. The inset shows the reflection fitted
with a_Lorentzian/Voigt line shape (Ref. 16). (d) Atomic model of
the 312 phase (from Ref. 13).

sequence of structures below 1 ML (Ref. 15) and from the Sn
5d/Cu 3d intensity ratio measured with Av=60 eV. The
phase transition is fully reversible. Symmetry points are re-
ferred to the Cu(100) surface Brillouin zone, unless other-
wise stated. _ _

Figure 1 shows the LEED patterns of the 342 and the \2
phases, and the atomic model of the 32 phase from Ref. 13.
In this model, the triple periodicity is due to a one-
dimensional pairing of Sn atoms along either the [100] or the
[010] direction, giving rise to the two domains observed in
the LEED pattern. Figure 1 shows also the temperature de-
pendence of a superstructure x-ray reflection. Its Debye-
Waller corrected intensity (structural order parameter) pre-
sents a steep decrease with an inflection point at ~360 K, the
critical temperature (T,) of the phase transition. Broadened
diffraction peaks are observed above 7. Their line shape is
fitted using a Lorentzian/Voigt.'® The temperature depen-
dence of the Lorentzian full width at half maximum
(FWHM) is shown in Fig. 1. Considering that the mean do-
main size is 277/ (FWHM), the increase of width reflects the
existence of reduced domain sizes down to ~40 A at
~400 K. This finding is compared below with the tempera-
ture dependence of the electronic structure.

The projection of Cu electronic bulk bands along the

[001] direction leaves an absolute band gap around M points,
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FIG. 2. (Color online) (a) Cu(100) reciprocal space. Unshaded
areas denote bulk band gaps. Dashed (continuous) black lines are
the surface Brillouin zones of Cu(100) (V2 phase). Red and blue
lines (dark gray horizontal and vertical lines) correspond to the 3\2
Brillouin zones of each domain. The two 2k nesting vectors around
M are shown. (b) and (c)_Valence—band structure in gray scale with
hv=27 eV at 100 K (312 phase) and 450 K (12 phase) vs parallel
momentum (k;), respectively. Vertical dashed lines are the 3v2
Brillouin-zone boundaries.

as shown in Fig. 2. ARPES spectra of both phases are mea-
sured along I'M in the band-gap region. A prominent surface
peak S is observed at 450 K in the y2 phase.!” The orbital
origin of S is ascribed to a Sn 5sp-Cu 4sp band.'® Its rapid,
parabolic dispersion towards the Fermi energy (Ey) indicates
a nearly free-electron behavior. It crosses Eg at 1.46 A~! and

again at 2.01 A~', the equivalent point beyond M. These two
crossing points span a vector 2kz=(0.55+0.02) A-'. A
simple one-band model with parabolic dispersion of the form
E=Ey+h%;/2m" reproduces well the experimental surface
state, with values of Ey=—6.0 eV (bottom of the band) and
m*=1.3m, (m,, electron mass). The formation of a 312 phase
below 360 K has dramatic effects in S [Fig. 2(b)]. In an
energy range of ~0.7 eV from Ef, the S band is split in two
different bands. The splitting is explained from the two-
domain nature of the 3v2 phase. The reciprocal space area
probed in Fig. 2 is close to the Brillouin-zone edge for one of
the domains, but far away for the other [Fig. 2(a)]. Thus, we
detect at the same time a band folding (with the opening of a
surface band gap) for one of the domains, and for the other
domain, a band which behaves as in the v2 phase. The first
band crosses the Fermi energy at 1.46 A~!, exactly as for the
\J’E phase. The second band folds back at 1.44 Al with a
minimum binding energy (BE) of 0.7 eV (at 100 K). The
folding point coincides very precisely with the 312
Brillouin-zone edge at 1.45 A~!. Indeed, the 2k nesting vec-
tor of the _\5 phase is equal within 0.03 A~ to the periodicity
of the 312 phase (0.58 A™").

The simultaneous observation of the two bands prevents
the detection of an absolute band gap. Nevertheless, this fea-
ture provides the unique possibility of probing simulta-
neously the surface electron band affected and unaffected by
the phase transition, i.e., the Fermi energy crossing point
(Fermi contour) and the backfolding point. Selected series of
ARPES spectra taken along different azimuthal directions
are shown in Fig. 3(a). For each azimuthal direction, S
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FIG. 3. (Color online) (a) Valence-band structure (in gray scale)
at 300 K for selected azimuthal angles with respect to the I'M di-
rection (¢). A band gap opens as the I'M direction is approached.
(b) High-resolution Fermi contour (open blue circles) and backfold-
ing line (solid red circles). Continuous lines mark the directions
used in the plots of panel (a) and I'M (¢=0°) (shown in Fig. 2).
The vertical dashed line is the 3y2 zone edge.

crosses Ep at a different k; wave vector, defining a point of
the V2 ungapped Fermi contour, and a backfolding point in
reciprocal space [Fig. 3(b)]. The latter follows very precisely
a straight line, which coincides with the 3\2 Brillouin-zone
boundary. In agreement with the quasi-free-electron charac-
ter of S, the Fermi contour is a slightly deformed circle. As
long as the Fermi contour coincides with the 3v2 Brillouin-
zone boundary within 0.04 A‘l, a backfolding and a band
gap are observed. This range is close to the k width of S
(~0.04 A7), suggesting that the nesting condition is satis-
fied within this width. The band gap diminishes away from
I'M, as the nesting condition is less perfectly satisfied [see
Fig. 3(a)]. It becomes zero at ~13°, as the backfolding dis-
appears. From these and additional data we estimate that
approximately 15% of the Fermi surface is gapped in each of
the domains of the 3\2 phase. These results demonstrate that
the phase transition is associated with the partial nesting of
the two-dimensional Fermi surface, which gives_rise to a
momentum-dependent surface band gap in the 312 phase.

The band-gap thermal behavior is analyzed in Fig. 4. The
two peaks observed at 100 K correspond to the crossing
point and the backfolding point of S, close to kj=1.44 AT
As temperature increases, the BE of the backfolding point
decreases slowly, indicating that the band gap diminishes
accordingly. The value of the band gap (below Ep) is ob-
tained from a fitting of the experimental line shape.!® Panel
(b) shows the temperature dependence of the band gap. The
band gap (electron order parameter) mimics the behavior of
the structural order parameter in Fig. 1, but with an inflection
point at ~400 K, i.e., clearly above the value of 7, (360 K).
Since relatively large 312 domains survive above T,, we
expect that the band gap (associated with the 3+ ) distortion)
also survives.

These results provide information on the nature of the
phase transition. The opening of a band gap in a delocalized
state, concomitantly with the structural phase transition, and
the excellent agreement with the 2k nesting condition for a
significant fraction of the Fermi surface, suggest that an elec-
tronic energy gain plays a crucial role in the phase transition,
as it is the case in the stabilization of a CDW. In the Peierls-

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 72, 041401(R) (2005)

a) [hv=27ev E, b)
ky=144A" |

100 200 300 400 500
Temperature (K)

Intensity (arb. units)

-1I.0 -OI.5 0.0
Binding Energy (eV)

FIG. 4. (Color online) (a) Angle-resolved energy distribution
curves (dots) corresponding to ky=1.44 A~! as a function of tem-
perature. Continuous lines are a fit to the data (see text). The two
components used (red-light gray and blue-dark gray) are shown at
100 K. Tics mark the position of the backfolded band (band gap).
The band gap below Eg vs temperature is shown in panel (b). The
continuous line is a guide to the view.

Frohlich theory of a CDW (Refs. 10-12), 2W=3.5kT,. For
Sn/Cu(100), the value of 2W/kgT, is ~45, typical of the
strong electron-phonon coupling limit."'%20-22 Due to this
reason, the band gap may survive up to a temperature 7
much larger than the critical temperature 7, (Refs. 20 and
21). In the range T.<T<T, fluctuations destroy long-range
order in a strong-coupling CDW, but there is enough local
coherence to observe the band gap. In the case of
Sn/Cu(100), the band gap goes to zero only ~40 K above
the structural critical temperature 7., indicating that this
order-disorder regime is narrow, and that the gain in elec-
tronic energy is indeed driving the phase transition. This is in
agreement with the excellent nesting behavior found. We
note that the existence of an order-disorder intermediate re-
gime is not incompatible with a displacive character for the
phase transition.”® The question whether the 2 phase is dis-
ordered or not requires an analysis of the structure and the
dynamical behavior (phonon structure) across the phase tran-
sition, and is beyond the scope of this paper. We conclude
that a gain in electronic energy is behind the formation of the
312 phase, which can be interpreted as a surface CDW. De-
tailed information on the nature of the atomic displacements
across the phase transition is needed to confirm this assign-
ment.

We compare now the two systems Sn/Cu(100) and
In/Cu(100) for 0.5 ML adsorbate.” In a quasi-free-electron
two-dimensional band, the value of kg is simply related to
the electronic density n,, as kF— V27n,p, which gives a
value of 3. 4>< 10" electrons/cm?, equivalent to ~4.4 elec-
trons per v 2 unit cell. A similar Value for n,p is reached from
m” and E,. In spite of the fact that Sn has one more electron
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than In, the value of k is equal within experimental accuracy
in both systems (1.46 A~' for Sn versus 1.44 A~! for In).
Furthermore, the close values of the critical temperatures and
the band gap indicate that the electronic energy involved in
the transition is similar in both cases. These facts support a
main role of the substrate. We conclude that the Cu(100)
surface is prone to an instability, which is triggered by an
adsorbate layer. This is a feature with potential implications
in other Cu-based structures. However, each interface reacts
in a different way below T.. In the case of In/Cu(100) a
more complex (9\E>< Z\E)R45° structure is found, with
maximum gapping at the edges of the \2 Fermi surface,” and
with a nesting vector which does not directly correspond to
the surface periodicity. On the contrary, in the case of
Sn/Cu(100) the surface structure reflects neatly the elec-
tronic periodicity and the gapping is maximum at the optimal
nesting areas. This shows the importance of the electronic
energy in determining the properties of the phase transition
for Sn/Cu(100).
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In summary, we report a reversible surface phase transi-
tion in Sn/Cu(100). Below the phase transition, a large gap
opens in optimally nested regions of the Fermi surface, while
areas with poorer nesting remain ungapped. We conclude
that the 312 phase is stabilized by a gain in electronic energy
related with the Fermi energy gapping, and it can be under-
stood as a charge-ordered state. This phase transition pre-
sents a clear experimental phenomenology, which makes it
an easily accessible experimental system to test paradigms
such as Fermi gap stabilization and its role in CDW forma-
tion in 2D systems.
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