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ABSTRACT: Self-assembling organic molecule-metal interfaces exhibiting free-electron
like (FEL) states offers an attractive bottom-up approach to fabricating materials for
molecular electronics. Accomplishing this, however, requires detailed understanding of the
fundamental driving mechanisms behind the self-assembly process. For instance, it is still
unresolved as to why the adsorption of glycine ([NH2(CH2)COOH]) on isotropic Cu(100)
single crystal surface leads, via deprotonation and self-assembly, to a glycinate
([NH2(CH2)COO−]) layer that exhibits anisotropic FEL behavior. Here, we report on biasdependent scanning tunneling microscopy (STM) experiments and density functional theory
(DFT) calculations for glycine adsorption on Cu(100) single crystal surface. We find that
after physical vapor deposition (PVD) of glycine on Cu(100), glycinate self-assembles into
an overlayer exhibiting c(2 ´ 4) and p(2 ´ 4) symmetries with non-identical adsorption sites.
Our findings underscore the intricacy of electrical conductivity in nanomolecular organic

overlayers and the critical role the structural anisotropy at molecule-metal interface plays in
the fabrication of materials for molecular electronics.
Keywords: Cu(100), Glycine, Adsorption, STM, DFT, Self-assembly

1. Introduction

The self-assembly of organic molecules on metal surfaces has attracted increasing interest [1]
since a bottom-up approach to building nanostructures offers several benefits over the topdown approach. In the field of molecular electronics, a great deal of attention has been
recently paid to free-electron-like (FEL) states discovered at self-assembling molecule-metal
interfaces. The FEL states in molecularly conducting systems typically exhibit an electron
effective mass that is sensitive to the composition and structure of the adlayer. The electron
effective mass, in turn, correlates with carrier mobility. By understanding how the metal
substrate influences the conformation, reactivity, and bonding of organic layer, the carrier
mobility in such systems could be tailored for specific purposes simply by modifying the
substrate structure and composition.
Whereas clean metal surfaces, in general, do not exhibit FEL behavior [2], well-ordered
molecular layers on metal surfaces may display FEL properties, thus making them conducive
to fabrication of molecular electronics. For instance, adsorption of perylene-3,4,9,10tetracarboxylic-3,4,9,10-dianhydride (PTCDA) on Ag(111) surface leads to the formation of
a confined isotropic 2D interface state via hybridization of the lowest unoccupied molecular
state of PTCDA and the well-known Ag(111) surface state [2-6]. Even more interestingly, an
anisotropic FEL state can be induced in molecular layers on electronically isotropic
substrates. In particular, upon adsorption at room temperature glycine ([NH 2(CH2)COOH]),

the simplest of amino acids, undergoes a deprotonation reaction on Cu(100) and forms a
well-ordered p(2´4) phase of glycinate ([NH2(CH2)COO−]) molecules [7-18].

Figure 1. Earlier proposed molecular configuration for glycinate on Cu(100) [17]. Proposed
alternatives are shown for p(2 × 4), Str-d (a), Str-h (b) and Str-3 (c) and c(2 × 4) (d) phases.
For details see the text. Ochre, gray, blue, red and white spheres represent Cu, C, N, O and H
respectively.

In their recent scanning tunneling microscopy and spectroscopy (STM/STS) experiments
Kanazawa et al. reported strong anisotropic FEL dispersion relations for the p(2 ´ 4) phase,
with the effective masses being different by one order of magnitude in [1 1 0] and [-1 1 0]
directions [17]. The prospect of one being able to exert control over the degree of anisotropy
in total or local electrical conductance by modifying the structure of molecular layers is an
attractive one. To accomplish this goal does, however, require molecular level knowledge of
the driving mechanisms behind the self-assembly process, details of molecular bonding and
electronic structure.

The general consensus is that glycinate bonds with the Cu(100) surface in a tridentate
configuration with the N atom of the amino group and both O atoms of the carboxylate group

bound to the metal substrate. The first structural model by Zhao et al. (called Str-d hereafter)
was proposed for the p(2 × 4) phase on the basis of low-energy electron diffraction (LEED)
and scanning tunneling microscopy (STM) [8]. The adsorption geometry is schematically
illustrated in Fig. 1a. Although free glycinate does not exhibit chirality, two enantiomeric
isomers are possible for glycinate adsorbed on Cu(100). Utilizing photoelectron diffraction
(PhD) and reflection-absorption infrared spectroscopy, a slightly modified p(2 × 4) structure
(Str-h, see Fig. 1b) was proposed by Kang et al. and Efstathiou and Woodruff [13,15]. In this
structure the adsorption site of the molecules is identical to the adsorption site in the model of
Fig. 1a. Density functional theory (DFT) based calculations performed by Mae and Morikawa
argued for the structural model Str-d rather than the Str-h [14]. More recently, in an
exhaustive DFT based computational study Zhi-Xin Hu et al. [18] concluded that the most
likely structure of the p(2 × 4) phase is the arrangement shown in Fig. 1c (Str-3), where the
O-O line in the glycine molecule is oriented roughly parallel to the longer edge of the p(2 ×
4) unit cell. In this model, all molecules occupy identical surface sites and display the same
conformation. However, some earlier experimental results hint of a more complicated
scenario: there are two non-equivalent glycinate-related protrusions in STM images of the p(2
× 4) structure (e.g. see Fig. 2e in Ref. 16 and Fig. 4 in Ref. 18). It can be clearly seen in Figs.
1a, 1b, and 1c that heterochirality of glycinate in the earlier p(2 × 4) models cannot account
for this STM observation, because of the mirror symmetry of the two adsorption
configurations of the molecule. Therefore, the heterochirality cannot reconcile the earlier
structural models with the experimental STM results. Moreover, simulated STM images for
the earlier models give rise to the identical STM protrusions. This discrepancy is a serious
obstacle to understanding the p(2 × 4) structure. Thus, in spite of considerable experimental
and theoretical studies, the exact molecular arrangement of the p(2 × 4) glycinate phase so far
remains under debate.

In this study we revisit the glycine’s adsorption on Cu(100) by conducting bias-dependent
STM measurements and DFT calculations. Our experimental findings show that the analysis
of earlier STM results have missed evidence for two non-identical adsorption sites, which, in
line with DFT calculations, suggest a novel asymmetrical p(2 × 4) model for
glycine/Cu(100). In particular, two non-equivalent protrusions were observed in the p(2 x 4)
structure, which were previously ascribed to STM tip effects or the heterochirality of the
glycine molecules sitting at equivalent sites. However, our results indicated that the glycine
molecules adsorbed on two non-identical sites of Cu(100) in the p(2 × 4) phase, which also
leads to non-equivalent protrusions. Our results are consistent with the earlier STM, LEED,
and PhD results in terms of molecular geometry. The non-identical adsorption sites thus offer
a plausible explanation to the anisotropy of the surface and also suggest that glycine may
have more than one p(2 × 4) phase on the surface.
2. Materials and methods
All experiments were performed in situ in an ultrahigh vacuum (UHV) system with a base
pressure of < 1×10−10 mbar, equipped with a scanning tunneling microscope (UHV 300
Series VT-STM, RHK Technology Inc.) and an x-ray photoelectron spectrometer
(ESCA3000 XPS, VG Microtech Inc.). The UHV system is described in more detail
elsewhere [19]. A Cu(100) sample of 6n purity, cut to ±0.5° tolerance, was used. The
Cu(100) surface was cleaned by repeated cycles of 10 min Ar + ion bombardment (2.0 kV, 15
mA) and 10 min electron beam annealing at 700 K. The sample temperature was monitored
using n-type thermocouple attached in contact with the sample. The surface cleanness was
verified by X-ray photoelectron spectroscopy (XPS) and STM. The step alignment was
random and no tendency to form <310> steps, which will be considered in Sec. III, was seen.
Typical terrace width as measured by STM was between 50 and 500 Å. STM was calibrated
by measuring the known registry of Cu atoms on clean Cu(100).

The glycine was deposited on a clean Cu(100) substrate at 320 K via physical vapor
deposition (PVD) from a crucible evaporator facing the sample. No further sample annealing
was conducted. The glycinate coverage was estimated by XPS from N 1s signal that, in turn,
was calibrated to the 0.5 ML saturation coverage of annealed Cu(100)-c(2 × 2)-N phase (1
ML = 1.53 × 1015 cm-2) [20]. XPS also confirmed the presence of molecular glycinate on the
surface (supporting information). The STM images were acquired in constant current mode at
300 K and were highly reproducible. Typical recording time was in the range of 3–7 min per
image (200–400 ms per image line, 512 × 512 pixels per image, both scan directions
measured). Several W tips were utilized.
All calculations were done using the VASP (Vienna ab initio simulation package) code [2124] using the generalized gradient approximation (GGA) with the Perdew- Burke-Ernzerhof
functional [25,26] and projector-augmented wave (PAW) potentials [27,28]. The valence
electrons were described using a plane-wave basis set with a cutoff of 400 eV and 8x4x1
Monkhorst-Pack k-points set was used [29]. The Cu(100) surface was represented by a slab
made of 2x4 unit cells and 5 layers (with the atoms of the 3 last layers fixed), and 10 layers of
vacuum were added in the z direction to avoid the interaction between the slabs. Two
glycinate molecules were placed only on one side of the slab and a dipole correction was
applied. The geometries were relaxed until the net force on every atom was less than 0.01
eV/Å. Van der Waals interactions were taken into account through the DFT-D2 method of
Grimme [30]. STM simulations were carried out using the Tersoff-Hamann approximation
[31]. Constant-current STM images were finally visualized in the p4vasp program using an
isosurface density of 0.005 e/Å3.
3. Results and discussion

A 3D filled state STM image (a sample bias voltage -1.1 V) depicted in Fig. 2 represents the
main features observed on the Cu(100) surface after the adsorption of glycine (coverage: 0.60
ML).
Firstly, the straight <310> steps, which are not found on the clean surface (see Sec. II),
appear upon the adsorption. Secondly, these steps are bunched, resulting in the {3 1 17}
facets, in good agreement with Refs. 8 and 16. The origin of the <310> steps and {3 1 17}
facets was discussed earlier (see e.g. Ref. 16).

Figure 2. 3D filled-state STM image of the glycinate/Cu(100) surface at 0.60 ML coverage.
One of domains of the c(2 × 4) structure is outlined. The sample bias voltage is -1.1 V and
the tunneling current is 0.2 nA. The area is 18.8 nm × 11 nm.
Thirdly, two phases with different periodicities induced by adsorbed molecules are seen to
coexist on the terrace in Fig. 2. One of these phases appears in the form of triangle shaped
domain outlined by dashed line. The edge of this domain is always coupled to the <310>

step. The corrugation of this phase and its coupling to the <310> step are well consistent with
the c(2 × 4) structure [8,16]. A model of this structure is shown in Fig. 1d. It is essential that
in this model all the molecules have a similar chirality and occupy identical adsorption sites
on the Cu(100) surface, so that the corresponding STM protrusions, as shown in Fig. 3a, have
a similar appearance. The total energy of homochiral c(2 × 4) phase is very close to that of
the heterochiral p(2 × 4) phase [14], and, thus, it is reasonable to consider the co-existence of
the two adsorption phases [13,15].

Figure 3. High-resolution STM images of (a) c(2 × 4) and (b) p(2 × 4) phases. The area of
each image is 3.0 nm × 4.8 nm. The bias voltage is -2.0 V. The tunneling current is 0.40 nA.

A high-resolution STM image of the other observed phase is shown in Fig. 3b. It exhibits p(2
× 4) periodicity and consists of two alternating and dissimilar rows of protrusions. The
average difference in height of protrusions between the adjacent rows is 0.05 Å, i.e., all the
protrusions in the p(2 × 4) phase can be classified into two groups based on their brightness.

Obviously, the number ratio of such protrusions is 1:1. Moreover, the brighter and darker
protrusions (they correspond to the Type-A and Type-B sites for the adsorbed molecules,
respectively) have a different shape and the distance between the rows of brighter protrusions
and the rows of darker protrusions is not constant, as is clearly seen in Fig. 3b. These
properties of the p(2 × 4) phase are qualitatively different from the structural arrangement of
the c(2 × 4) phase, where the inter-row separation is always constant and there is a single
adsorption site (Type-A), as evidenced from the comparison of Figs. 3a and 3b.
These variations in brightness, shape, and inter-row separation clearly discriminate between
the c(2 × 4) and p(2 × 4) phases, and we postulate that in the p(2 × 4) phase glycinate adsorbs
at two non-equivalent sites and possibly in different configurations. On this basis we rule out
the previously proposed p(2 × 4) models with a single adsorption site for the glycinate
molecules (Fig. 1).
In order to gain insights into the molecular arrangement of the p(2 × 4) phase, we performed
DFT calculations and compared the theoretical results with measured STM data. If
considering geometric effects solely, the contrast of protrusions naturally indicates two
different adsorption sites of the two glycine molecules in a supercell of the p(2 × 4) phase,
different from that of previously proposed p(2 × 4) models where the two molecule are only
in one site. A careful inspection of the registry of the STM protrusions in the p(2 × 4) and c(2
´ 4) phases leads us to conclude that one adsorption site for the glycinate molecule in the p(2
´ 4) is similar to that in c(2 ´ 4), and in previously proposed models in Fig. 1, whereas the
other site is different.

Figure 4. Three molecular asymmetric configurations considered of the p(2 ´ 4) surface with
two inequivalent adsorption sites for the glycinate molecule (Str-as1, Str-as2 and Str-as3).
Geometries were optimized at PBE-D2 level. Ochre, gray, blue, red and white spheres
represent Cu, C, N, O and H respectively.

Based on the above analysis, four possible candidates for an asymmetric p(2 × 4)
configuration, denoted as Str-asN (N=1,2,3,4), were considered. After structural relaxation,
Str-as4 transforms into Str-as2, therefore, only three fully relaxed structures were obtained, as
shown in Fig. 4. In each (2 × 4) supercell there are two inequivalent molecules labeled TypeA and Type-B. The detailed structural properties of all three configurations were summarized
in Table 1. The main difference between Type A and Type B molecules is in the coordination
of the two O atoms. In a Type-A molecule, one O atom resides at a Cu atop site and the other
occupies an intermediate position in between the a-top site and a Cu bridge site, similar to
that of previously reported Str-d and Str-h. For molecule Type-B, one O atom sits at the
bridge site and the other is near the top site, as shown in Fig. 4. It leads to in a twisted
molecule that the O over the top site is at least 1.0 Å higher than the bridge O. Therefore, the
observed brightness modulation in STM images is, most likely, ascribed to the alternating

appearance of Type-A and Type-B molecules, as elucidated by simulated STM images (see
below). Although there are two types of molecules in each asymmetric configuration, the
similarity of N-Cu and C-Cu bond lengths might, in fact, be the reason for why Efstathiou
and Woodruff did not observed two distinct types of molecules in their PhD experiments
[15]. Among these three configurations, only the edge of Str-as3 is perfectly coupled with the
<310> step.
Table 1: Calculated geometry for adsorbed glycinate. ZN and ZO are the vertical distances
from N and O to the nearest Cu. dCu-N and dCu-O are Cu-N and Cu-O bond lengths, qN (qO) is
the angle between Cu-N (Cu-O) bond and normal vector of the surface. Values for bridgecenter coordinated O are given in parentheses. Geometry for the Type-A and Type-B
configurations is visualized in Figure 5.
PBE-D2

Str-as1

Str-as2

Str-as3

Exp.

Type-A

Type-B

Type-A

Type-B

Type-A

Type-B

ZN(Å)

2.05

2.05

2.04

2.04

2.04

2.03

2.04 ±0.02

dCu-N (Å)

2.07

2.05

2.06

2.04

2.07

2.08

2.05 ±0.02

θN(º)

7.3

3.8

7.7

2.8

8.4

11.5

5 ±4

2.02

2.98

2.05

3.09

2.08

1.57

(2.01)

(1.69)

(1.93)

(1.66)

(1.95)

(3.17)

ZO(Å)

2.02 ±0.02

2.04

3.06

2.09

3.21

2.10

2.05

dCu-O (Å)

2.05 ±0.02
(2.13)

(2.04)

(2.13)

(2.14)

(2.14)

(3.22)

8.8

12.7

10.4

16.0

9.5

36.17

(18.8)

(35.0)

(26.2)

(39.1)

(24.4)

(5.4)

θO(º)

9 ±2

Table 2: Calculated relative energies at PBE-D2 level of theory.
Configuration

Str-as1

Str-as2

Str-as3

Relative Energy (eV)

0. 0

0.05

0.25

Figure 5. Visualization of the molecular geometry for Type-A and Type-B configurations as
described in Table 1.

Total energies of the three asymmetric configurations are summarized in Table 2.
Energetically, the proposed new structure (Str-as1) is just as viable as the previous Str-as2
structure wheras Str-as3 (0.25 eV) can be rejected. The good stability of Str-as1 is ascribed to
that four electron affinitive atoms were involved in forming the hydrogen bonding square.
While the configuration Str-as1 is energetically viable among the three newly proposed
configurations, however, it cannot be perfectly cleaved along the <310> direction. To obtain
further evidence for the most likely structure, we performed high-resolution STM
measurements at different bias voltages and compared the obtained bias-dependent STM
images with those simulated by DFT calculations. The results are shown in Fig. 6.

Figure 6. Comparison of experimental and simulated STM images. The experimental images
are observed at bias voltages of -0.9, -0.7, and -0.5 V (the tunneling current is 0.50 nA). The
simulated images are obtained for the Str-as1, Str-as2, and Str-as3 models in the energy
ranges between the Fermi level and the respective bias voltages.

An isosurface of charge density at 5 × 10-5 e/Å3 is plotted in the ranges between the Fermi
level and the energy corresponding to the respective bias voltage. It is worth noting that the
difference in brightness of STM protrusions is found to become more pronounced on the p(2
× 4) surface with decreasing absolute negative bias voltage. In other words, this difference is
enhanced when probing the filled states with a bias voltage higher than -1.0 V. For this
reason, STM images were measured at bias voltages of -0.9, -0.7 and -0.5 V. The appearance
of protrusions was not affected by the scanning direction and was clearly reproduced with
different STM tips. In Fig. 6 the images measured at each of the above bias voltages are
compared with the respective images simulated for the three new models. Each pair of
simulated and experimental images exhibits two different levels of protrusion brightness, i.e.,
two non-identical molecules in the p(2 × 4) supercell. In terms of observed different
brightness of STM protrusions, the experiment-theory comparison rules out the earlier p(2 ×
4) models and simulation if it does not arise from tip effects.
The calculated energies in Table 2 indicate that both Str-as1 and Str-as2 are viable candidates
for the glycinate structure on Cu(100). Since the energies for Str-as1 and Str-as2 are nearidentical, definitive conclusion cannot be drawn based on the calculated energy alone.
However, by comparing the registries of protrusions in simulated and experimental STM
images (shown by dashed lines in Fig. 6), we can reject the Str-as2. Thus, based on combined
STM and DFT data, we can safely reject the Str-as2 and Str-as3 and assign the Str-as1 as the
correct structural model for the p(2× 4) phase. It is worth noting that in this structure,
molecular rows exhibit two different chiralities, R and S, which can be essential for
understanding the properties of p(2x4).

Finally, we mention that the Str-as1 structure exhibits structural anisotropy, which allows us
to suggest a natural explanation of the anisotropic FEL behavior of the p(2 × 4) surface. In
other words, the electronic anisotropy that appears at the glycinate/copper interface on
electronically isotropic Cu(100) substrate may correlate with the structural anisotropy in the
p(2 × 4) arrangement. In contrast, it is difficult to see how the anisotropy could be reconciled
by resorting to structural models featuring identical adsorption configurations as in Fig. 1.
We argue that the earlier imperfection of experiment-theory comparison on electronic
properties might be due to multiple p(2 × 4) configurations [17]. Further experimental and
theoretical efforts aimed at the elucidation of the band structure are required in order to
conclusively confirm the FEL behavior and to determine the role of the adlayer symmetry.
4. Conclusions
The major finding of this investigation is the novel p(2 × 4) model for the adsorption
geometry of glycine, in the form of glycinate, on Cu(100) that revises the earlier models by
re-introducing the concept of two non-identical adsorption sites and reconciles the
discrepancy between experimental and simulated STM images. The brightness contrast of
different rows in p(2 × 4) phase in STM measurements is considered for the first time. DFT
calculations and simulated STM images indicte that the new model, called Str-as1, is the
correct adlayer structure. This configuration, together with another less stable configuration
Str-as3 that can be perfectly cleaved along the <310> directions, are able to reproduce the
bias-dependent STM images reported here. In addition, their structural properties are also
consistent with the earlier PhD results [15].
By showing evidence for two non-identical adsorption sites, we argue that glycinate selfassembles into the p(2 × 4) structure featuring qualitatively different molecular rows in the
two perpendicular directions. To confirm the FEL behavior suggested by earlier STS

experiments and to clarify the role of adlayer structure in the anisotropy of electron effective
mass, further investigations aimed at the elucidation of band structure of the glycinateCu(100) interface should be conducted by, for instance, means of angle-resolved
photoelectron spectroscopy and ab initio electronic structure calculations. In particular,
angle-resolved photoelectron spectroscopy would readily complement STS experiments,
since in STS more than 90% of the measured tunneling current is contributed by the
electronic states only near the Г point.
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