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First-principles identification of quasi-two-dimensional Fermi surface nesting
on a metallic c„2Ã2…-In ÕCu„001… surface
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The first-principles all-electron linearized augmented planewave film method in the local density functional
approximation is employed to investigate the band structure of the In/Cu~001! surface. A square-shaped,
quasi-two-dimensional Fermi surface within the projected bulk Cu band gap due to the mostly in-plane In
induced bonding band is identified for the bilayerc(232)-In adsorption. The nesting Fermi wave vector along

@001# direction is at 0.38–0.41 Å21 from Ḡ, consistent with the experimental measurements, and is expected
to drive a Peierls transition which has distortion doubling the lattice period. Another surface band is identified
as Inpz state, which was observed in the low-temperature phase.
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The exotic physical properties discovered in the syste
of reduced dimensions have been one of the central issu
condensed matter physics. Because of the simple Fermi
face in reduced dimensions, electrons near the Fermi l
are unstable against a lattice distortion. This instability le
the materials to a Peierls transition at finite temperature
reduced symmetry appears at low temperature.1 In this
Peierls transition, the Fermi surface nesting manifests it
as periodic lattice distortion~PLD! or charge density wave
~CDW!. Solid surface is a suitable candidate for the study
the physics in reduced dimensions, since surface atoms
localized electronic structure and often exhibit peculiar lo
dimensional characteristics. However, there are only a
surfaces which invoke intrinsic Peierls transition or CDW
Recently the origin of this transition for various systems h
been actively investigated experimentally.2–5 For example,
self-assembled linear chains of metallic In atoms on se
conducting Si~111! surface are shown to undergo a tempe
ture induced reversible phase transition.6 Nakagawaet al.7

reported a Fermi surface nesting and structural transition
metallic ultrathin In film adsorbed on Cu~001! by scanning
tunneling microscopy~STM!, low-energy electron diffrac-
tion, and angle resolved photoelectron spectrosc
~ARPES!. According to their experiments, a surface ba
approaches and crossesEF in the high temperature~HT!
phase, but in the low-temperature~LT! phase this band doe
not crossEF but disperses back to higher binding energ
with very large dispersion. In order to investigate the mec
nism of the structural phase transition and identify the orb
character of the observed surface bands, theoretical calc
tions are made to investigate the band structure of this
Cu~001! surface.

In this paper the first-principles all-electron lineariz
augmented plane wave~LAPW! film method8 with the Von
Barth-Hedin exchange-correlation term is employed to ca
out the calculation of the band structure. According to
experiment,7 In adsorption at monolayer coverage@defined
as the surface atom density of Cu~001!, 1.5331019 m22#,
form a bilayer structure, one interface and one surface la
0163-1829/2002/66~7!/073405~4!/$20.00 66 0734
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and both layers havec(232) structure with respect to
Cu~001! surface. To simulate this structure, a slab consist
of five Cu~001! layers ideally cut from a bulk fcc Cu crysta
(a053.61 Å) and In layers adsorbed symmetrically on bo
sides is used in the present calculation. Thez distance be-
tween the interface In and Cu layer varies with respect
different In adsorption site, i.e., atop, hollow and bridge si
~see Fig. 1!, but the nearest neighbor~NN! In-Cu atom dis-
tance is set as 2.90 Å, the average of the NN distances o
and In crystals, 2.55 and 3.25 Å, respectively. For the bila
In adsorption, each surface In atom has four NN In atoms
the interface layer below, and thez distance between surfac
and interface In layers is set as 2.01 Å so that the NN In
atom distance is the same as in an In crystal. For this bila
system, there are 14 atoms in one 2D unit cell, basis

FIG. 1. Top view of the Cu~001! showing interface In and Cu
atoms forc(232)-In/Cu~001! structure. The solid circles represe
Cu atoms, and the open circles with solid, dash, and dotted bor
represent the interface In atoms locating at the hollow, atop
bridge sites, respectively.
©2002 The American Physical Society05-1
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used in solving the eigenvalue problem is more than

LAPW’s per atom, and 36k̄ points in the 2D Brillouin zone
are used to generate the charge density in the s
consistency process. The convergence measured by the
difference between input and output is better th
0.04 me/a.u.3 for charge density. The total energy is co
verged to better than 0.1 mRy per unit cell. A system
singlec(232)-In layer adsorption has also been calculat
and results are presented below for comparison.

First, in order to investigate the stable In adsorption s
on the Cu~001! surface, the total energy and work functio
are calculated for different In adsorption sites. From the
sults listed in Table I, we can see that when the interface
atoms locate at the hollow sites, the system is energetic
favorable, in qualitative agreement with previous theoreti
results of adsorption of In atoms on Cu~001! surface,9 and
has the highest work function. In following discussion, w
focus on the system that interface In atoms locate at
hollow sites. The value of work function for the clean C
film is in good agreement with experiments,10 and earlier
self-consistent calculations.11,12 Electron transfer at interfac
is expected to happen from Cu to In which is confirmed
our calculated data, and thus the adsorption is expecte
increase the work function, though there is no experime
report about the work function of In/Cu~001! available for
comparison.

As a check of above postulated adsorption geometr
relaxation was made in the CASTEP approach. The struc
of the hollow c(232) In on Cu~100! was optimized for a
system consiting of 7Cu1 In slab~single or bilayer! 1 15 A
empty space. In this geometry relaxation, the density fu
tional formalism is GGA, and used are ultrasoft pseudo
tential, planewave basis with 350 eV energy cutoff, and 10k
point in the 2D-IBZ. Forc(232) In single layer case, the
relaxed In-Cu interatomic distance is 2.83 Å~in contrast to
the above postulated 2.90 Å!. For c(232) In bilayer case,
the relaxed In-In interatomic distance is 3.31 Å~in contrast
to the above postulated 3.25 Å! while the In-Cu distance is
2.78 Å ~in contrast to the above postulated 2.90 Å!. The Cu
layers are also allowed to relax and it is found that th
relaxation is extremely small (0.5%). Thus, the geome
relaxation confirmed again the hollow site adsorption, and
changes of the interatomic distance are found less than
To show the effect of this relaxation on the exact magnitu
of the nesting Fermi wave vector, for the bilayer In adso

TABLE I. Total energy~relative to the bilayer hollow site ad
sorption! and work function.

System Total energy
~eV/cell!

Work function
~eV!

Pure Cu~001! 5.02
Singlec(232)-In, hollow 5.30
Bilayer c(232)-In, hollow 0 5.52
Bilayer c(232)-In, bridge 1.1 5.40
Bilayer c(232)-In, atop 1.6 5.15
07340
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tion, calculations were made for both unrelaxed and rela
system, and the results were plotted together for a clear c
parison.

In Fig. 2 the calculated energy bands of the In/Cu~001!
surface are plotted along the high symmetry directions of
c(232) surface Brillouin zone, which is half in area an
rotates 45° with respect to the Brillouin zone of Cu~001!.
The In-induced surface resonance states, which have, a
fined, their largest layered projection on one of the In laye
are marked by solid circles. Figure 2~a!, plotted for compari-
son, is for single layer In adsorption, and Fig. 2~b! is for the
bilayer In adsorption on Cu~001!. Present calculation is mad
for a finite thickness slab, and thus all surface bands sho
be nearly doubly degenerate. Their splitting is a measure
the penetration of the wave function of these surface st
towards the substrate interior. The two In-induced bands
low energy below26.0 eV ares states, and they split 0.9
eV atḠ point for the single In layer adsorption, but only 0.3
eV in the bilayer case, showing strong bonding charac
between interface and surface In atoms in the bilayer st

FIG. 2. Valence bands ofc(232)-In/Cu~001! surface,~a! single
In layer and~b! bilayer In adsorption. Solid circles are In induce
bands obtained by present calculations. Open circles are experi
tal ones for high temperature phase, and the open diamonds fo
low temperature phase~Ref. 7!. The bands linked by solid lines ar
of px,y symmetry, and the bands linked by dotted lines are ofpz

symmetry.
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ture. The high-lying~above22.0 eV) In-induced bands ar
mainly p character and only partially filled. With more de
tailed symmetry analysis of thesep bands, two groups o
bands with different symmetry are identified. The bands c
nected by dotted lines in both Figs. 2~a! and 2~b! are con-
tributed mostly bypz orbitals of In atoms, which show mini
mum at Ḡ, but are mostly above the Fermi energy. The
states not only have more charge spilled out into the vacu
region, but also penetrate into Cu bulk. The splits due
interaction between their top and bottom surface states ar
Ḡ, 1.23 eV for single layer In adsorption, and 1.09 eV ev
for bilayer In adsorption, showing that the surface Inpz state
also has rather strong mixing with Cu substrates.

The bands connected by solid lines in Fig. 2 are cont
uted mostly bypx,y orbitals of In atoms, directed in the film
plane for single layer In adsorption, or directed along the N
pairs between interface and surface layer in bilayer In
sorption system. For the singlec(232)-In layer system~Fig.
2~a!, the px,y bands have energy above Fermi level due
weak interaction, because all In atoms are far separated
there is no Fermi surface nesting at all in this system,
thus no Peierls transition is expected to occur. In contrast
the bilayer In adsorption system, bonding is formed betw
the two NN In atoms, one in the interface and the other in
surface layer. The strong bonding brings the lowest energ
thess bands well belowEF at M̄ @Fig. 2~b!# when going away
from M̄ . However, the energy of these bonding bands
creases when going away fromM̄ , and crosses theEF level.
These bonding states are very localized ones, which h
negligibly small spill both to the vacuum and to the Cu bu
The solid circles connected by solid lines in Fig. 2~b! con-
sists, in fact, of two almost degenerate~only split about 0.03
eV! bands on both top and bottom surfaces due to vanish
interaction. The scattered solid circles in Fig. 2~b! are otherp
character states, e.g., antibondings or nonbondingp, of In
atoms on both interfaces and surfaces, and they have co
quently strong mixing with substrate states.

In Fig. 2~b! the experimental points given in Ref. 7 a
also drawn for comparison with open circles for the bilay
c(232)-In/Cu~001! HT phase and open diamonds for the~9
A232A2)R45° LT phase. From this experiment,7 the calcu-
lated mostlypx,y energy bands~connected by solid lines! are
easily identified with the surface band going upward fromM̄
which were observed experimentally for both thec(232)-In
HT phase and the~9A232A2)R45°-In LT phase. Presen
calculation gives correct dispersion in good agreement w
the experiment. The calculated mostlypz bands nearḠ are
almost empty for thec(232)-In phase. This agrees with th
fact that there are not bands clearly observed for HT ph
with similar dispersion aroundḠ in the ARPES experiments
However, in the (9A232A2)R45°-In LT phase, the sufac
band disperses back to higher binding energy when go
further to nearḠ in the experiment.7 Comparing with our
calculation, we prefer not to identify this part of surface ba
as the same band which is observed in HT phase, but ass
it is another surface band bearingpz character from its dis-
persion. Its energy has been decreased to belowEF due to
07340
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PLD at LT, and then appears clearly in ARPES measu
ments. Though, unfortunately, because of the too large
cell of (9A232A2)R45°-In/Cu~001! structure, calculation
of this system has not been made in present work.

The caluclated In inducedpx,y bonding band forms a nest
ing Fermi surface in the bilayerc(232) system as shown in
Fig. 3 drawn within thec(232)-In surface Brillouin zone
~solid circles and open diamonds for unrelaxed and rela
adsorption system, respectively!. It is in very good accor-
dance in shape with the experimentally determined o
~open circles in Fig. 3!. The nesting Fermi wave vectorkF ,
along@100# and@010# is located atkF50.38 Å21 from Ḡ for
unrelaxed system, or 0.41 Å21 for the relaxed one, which is
in reasonable agreement with the experimental dete
value 0.30 Å21. The surface Brillouin zone boundary of th
(9A232A2)R45°-In/Cu~001! structure along @100# and
@010# is, respectively, Q152p/9a050.19 Å21 and Q2
52p/2a050.87 Å21 ~the smallest rectangle in Fig. 3!.
Here, Q2'2kF , which is consistent with a simple nestin
condition for driving a Peierls transition doubling the lattic
period with respect to thec(232) structure. Thus the origin
of the experimentally observed PLD, at least along one
rection, can reasonably be attributed to this nesting. In c
trast, the long wavelength distortion,Q152p/9a0
50.19 Å21, along the other direction can not be simp
explained by this argument. We noticed that both our cal
lated and experimental results show that the Fermi surfac
not exactly a square and there is a distribution aroundkF
' 1

2 Q2, as shown by the dashed line frame having wid
from 4p/9a0 to 5p/9a0 in Fig. 3. This distribution ofkF will
lead to a long wave length modulation superposed on
short wavelength PLD of periodQ2'2kF . The STM image7

does show such superposition, and theQ152p/9a0 does

FIG. 3. Nesting of the Fermi surface of the surfacepx,y bonding
bands of the bilayerc(232)-In/Cu~001!. The large square~edge
length 2p/a051.74 Å21) represents the surface Brillouin zone
c(232)-In and the small rectangle represents the surface Brillo
zone of (9A232A2)R45°-In. The dashed lines show the range
the nesting Fermi wave vector. The open circles are experime
results~Ref. 7!, and the solid circles and open diamonds repres
our calculated results for the unrelaxed and relaxed adsorption
tem, respectively.
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manifest itself as a modulation upon short wavelength PL
In summary, the first-principles all-electron linearize

augmented plane wave film method in the local density fu
tional approximation has been applied to investigate the
face band structure and Fermi surface nesting propertie
c(232)-In/Cu~001! surface. Calculated results confirm th
nesting of the quasi-2D Fermi surface which was postula
to drive the phase transition. The band dispersion of
bonding Inpx,y bands is in good agreement with experime
tal results. Another surface band, which are clearly obser
only for ~9A232A2)R45° LT phase in the experiment,7 are
presumably identified aspz states. For the HT phase, it
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almost above the Fermi surface and thus can not be cle
observed in ARPES. Its existence is not a result of the Pei
distortion, but its energy has certainly been decreased be
the Fermi energy after the distortion and it appears clea
for the LT phase.
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