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Abstract
Fe atoms were steamed on Si(111)-7×7 surface, which had been saturated by CH3OH. Aim to greatly
enhance the magnetic performance, nitriding experiments were implemented and adjusted on the existing
linear Fe clusters. First of all, the dissociation of CH3OH adsorption process was deducted in detail, which
laid a good foundation for the better use of surface quasi-potential. Further to solve the coming problems
like weak linearity and low nitriding effect, the formation mechanism of iron-nitride was explored. Atomic
layers of Fe deposition are con�rmed as the key to NH3 dissociation process (at room temperature).
Speci�cally, the higher Fe atomic layer contacted by NH3, the weaker in�uence of surface quasi-potential.
With the introduction of Ar, Fe deposition could be controlled at 1-2 atomic layers, result in good NH3

dissociation and nitriding e�ciency. Combing with magnetic performance result, the density of residual
magnetization is improved from 1.5E-0.5 emu to 7.0E-0.5 emu, forming an obvious linear structure. It is
also proved that our new linear iron-nitride clusters will maintain good stability with the improvement of
nitriding e�ciency.

PACS: 07.79.Cz; 81.15.-z; 75.75.Fk

Introduction
With the rapid development of surface testing technology [1, 2], atomic level functional materials have
gradually attracted the attention of researchers [3–5]. Accordingly, remarkable optimization of electronic
and magnetic performance has been explored in atomic structure from those on the solid surface [6]. As
the important substrate material, Si (111)-7×7 is a reconstructed surface with well established atomic and
electronic structures [7, 8]. On this basis, taking advantage of strong magnetism, several kinds of metal
deposition (e.g., Fe, Co and Mn) opened up a potential way for high density magnetic storage application.
Among them, Fe atomic structure has been studied/prepared by many theories/methods, such as thermal
deposition, chemical adsorption, hydro-thermal method, and so on [9–11]. With reaction gas adsorption,
new surface quasi-potential is formed, which can in�uence the subsequent metal deposition. While the
potential state in (between) the multi-layer still needs systematic adjustment due to the change of local
stacking or atomic distribution [12–15]. Therefore, it is possible to optimize the structural and magnetic
performance periodically at an atomic level by realizing the delicate balance between the metal
deposition and surface potential [16–18].

CH3OH was introduced as an intermediate layer, which can effectively prevent the reaction between Fe
and Si atoms. Under the in�uence of surface quasi-potential, linear Fe clusters were formed on Si
(111)-7×7-CH3OH surface [19]. Since the magnetic performance of existing Fe atomic structure still has
much room for improvement, especially its density of residual magnetization, researchers tried to further
nitride them with NH3. Iron-nitride clusters, including Fe2N, Fe3N1 + x, Fe4N and Fe16N2 (x = 0, 1, 2...), have
been under intense research due to particularly strong magnetism and interest in their formation origin
[20, 21]. In general, nitriding process needs a high temperature condition, which is bound to have adverse
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effects on the previous atomic layers. In this study, the quasi-potential created by CH3OH adsorption is
expected to realize a nitriding process at room temperature. However, from the preliminary result on linear
Fe clusters, both nitriding e�ciency and linearity were far less than our expectation. By establishing the
transformation model of CH3OH adsorption, we have a deeper understanding of the relationship between
dissociation process and surface quasi-potential. Moreover, the quasi Fe atomic layer is distinguished
from linear Fe clusters. With Ar introducing, Fe deposition could be controlled at 1–2 atomic layers. By
comparing the XPS and magnetization measurements of different samples, the new nitriding mechanism
would be well worth exploring and analyzing. After realizing the better nitriding e�ciency adjusted by Fe
atomic layers, the stability of our linear iron-nitride clusters could be further investigated, especially in the
environment of a low vacuum. These investigations are believed to have, to a certain extent, suggested
the probability of achieving high density magnetic storage on Si (111)-7×7-CH3OH surface, especially
according to the models and surface technology we adjusted.

Materials And Methods
In this study, formation and observation experiments were mainly performed in JSPM-4500S ultra-high
vacuum scanning tunneling microscopy (STM) system (JEOL Ltd., Akishima-shi, Japan). Speci�cally, the
preparation chamber is used for Fe deposition, while gas adsorption and sample observation are mainly
carried out in the observation chamber. Through the needle valve, three sets of gas storage device were
connected with these two chambers. One is for Ar, one is for CH3OH (liquid), the other is for NH3. The

rectangular Si(111) substrate (n-type, ~ 0.1 Ω cm) of 1×7×0.3 mm3 was ultrasonically pre-cleaned in
acetone, ethanol and deionized water. In the preparation chamber, a clean well-ordered 7×7 reconstructed
surface can be obtained after repeatedly �ashed [22, 23]. During the adsorption process of CH3OH (or
NH3), the mass spectrometer was turned on to monitor the gaseous molecules composition in the
observation chamber. Then, samples of Si(111)-7×7-CH3OH [24–26] were sent back to the preparation
chamber. With or without introducing Ar, Fe atoms were evaporated by heating a W �lament with an iron
wire (purity > 99.995%). Adjusting different Fe atomic layers, Si(111)-7×7-CH3OH-Fe samples were sent
into the observation chamber again, where the samples were exposed in NH3. With the help of MPMS-7T
magnetization measurement device (Quantum Design Ltd., USA), the change of magnetic performance
due to nitriding process was detected. At last, we also measured X-ray photoelectron spectra of the
samples with or without exposing air lightly by the GammadataScienta SES-100 photoelectron
spectrometer (Uppsala, Sweden).

Results And Discussion
In order to prevent the chemical reaction between Fe deposition and Si (111)-7×7, the surface was
adsorbed by CH3OH according to the procedure above. As shown in Fig. 1a, the sticking probability for

CH3OH adsorption would be stable after the exposure situation about 10− 6 Pa, 30 s. By calculating a
series of STM images, CH3OH is saturated at the adatom coverage of 1/2. Every triangular half unit cell
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contains three Si-OCH3 (shown as relatively bright dots) and three Si adatoms (shown as relatively dark
dots) in the STM image. H atoms saturate the deeper rest site, which cannot be observed clearly. With the
help of mass spectrometer, the dissociation process was proved as:

     (1)

so as to establish its adsorption model (Fig. 1b). The dissociation process was deducted in Fig. 1c,
suggesting the existence of a transformation state between methanol molecule and methanol/hydrogen
ion. At the moment of bond breaking, the exact location of CH3OH had been speci�cally discussed. If we
regard the whole CH3OH adsorption as a process of “destruction” and “reconstruction” to the surface
potential, two dissociation conjectures were proposed in Fig. 1c. Greater destruction implies the deeper Si
atomic layer, while the relatively weak reconstruction is presented in the form of surface quasi-potential.
The interesting phenomenon in CH3(CH2)n−1OH dissociation, con�rmed that the key to transformation
state is O-H bond rather than C-H bond. That is, the formation of rest Si-H bond is earlier than that of
adatom Si-O bond. Combined with the bigger attractiveness of electron-rich Si rest sites, it can be inferred
that the conjecture (2) is much closer to reality than conjecture (1). In our transformation model, the rest
Si atomic layer not only determines the location of dissociation process, but also implies the
deeper/lower in�uence range of surface quasi-potential (Fig. 1c). Besides, the speci�c mechanism of
CH3OH adsorption provides an important reference to the later adjustment of the nitriding process.

After the steaming condition of 10− 6 Pa × 30 s, a linear structure of Fe clusters could be formed on the
surface of Si(111)-7×7-CH3OH. On the horizontal direction (Fig. 2a), the distance between each linear
structures was controlled within 10 nm. The height was measured about 1.15 nm, which indicates multi-
layer atomic stack. Metal atoms (like Au, Sn and Zn) [27] also deposited on the same surface of
Si(111)-7×7-CH3OH, while the obvious linear structure has not been found. This interesting phenomenon
was assumed to be the result of ferromagnetic effect. With the help of MPMS-7T, more speci�c magnetic
performance was measured as shown in the Fig. 2b. Although values are relatively small, the intensity of
residual magnetization is better than that of the magnetic �eld, which is manifested in a linear structure
on the horizontal direction. After that, a nitriding process was carried out at room temperature. Like
CH3OH adsorption, NH3 also undergo a dissociation process on group sites of Fe adatoms. Fe atoms in
direct contact with Si(111)-7×7-CH3OH have different performance from other Fe atoms. Speci�cally,
under the in�uence of surface quasi-potential, some quasi Fe atoms are distinguished from linear Fe
clusters, inducing the nitriding process greatly. Considering the in�uence range of surface quasi-potential,
the number of quasi Fe atoms is very limited, mainly belong to the deep Fe atomic layer on Si(111)-7×7-
CH3OH surface. Therefore, the bottom layer could be de�ned as the quasi-potential layer. Previously,
CH3OH was used as an intermediate layer between Fe and Si atoms. Now, top Fe atomic layer itself
becomes a “barrier” between NH3 and surface quasi-potential. Figure 2c shows the scanning result of
initial nitriding experiments, no obvious linear structure was found. As an important intuitive parameter,
linearity is not only a necessary condition for future application, but also represents the magnetic
performance of storage units. Just as the magnetic result shown (Fig. 2d), we can only �nd a worse
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atomic distribution on the surface of Fig. 2c. With the introduction of NH3, the magnetic �eld strength
was only slightly improved, but the intensity of residual magnetization was greatly weakened. Moreover,
in the absence of enough N ions on the surface, it is di�cult to �nd an obvious nitriding peak in XPS
(Fig. 2e). Low nitriding e�ciency suggested the low dissociation e�ciency, that is, only by improving the
induced effect of surface quasi-potential can the formation probability of iron-nitride be increased. Refer
to the transformation state of CH3OH adsorption, the number of Fe atomic layers become the key to the
whole nitriding process as well as the magnetic enhancement. In this way, we tried to control the Fe
deposition more precisely. As shown in Fig. 2a, Fe atoms were mainly stacked on Si(111)-7×7-CH3OH
surface in the form of multi-layer. In the process from the pure metal wire to the substrate surface, Fe
atoms were steamed with Ar introduction (Fig. 2f). Figure 3a showed a single Fe atomic layer, whose
cluster structure and linear structure had not been fully formed. After that, the sample was nitrided under
the same conditions of Fig. 2c. As can be seen from the new results (Figs. 3b and 3c), both atomic
distribution and magnetic performance have been signi�cantly improved. Forming a linear structure, our
iron-nitride clusters have better magnetic performance than Fe clusters, especially the intensity of residual
magnetization. Moreover, higher nitriding e�ciency directly leads to the obvious nitriding peak in Fig. 3d.
The XPS result was clearly in favor of the existence of Fe-N bonds with a N1s binding energy (398.1 eV)
and agrees fairly well with the N1s values of surface iron-nitride, which occur in the 396.2-398.3 eV range.
As a result, the better induced effect of surface quasi-potential on nitriding process was veri�ed.

With the help of mass spectrometer (Figs. 4a and 4b),the process of NH3 dissociation can be detected
gradually. The key to the nitriding e�ciency is deducted as su�cient N ions. When Fe atomic layers are
stack to a certain extent (like Fig. 2c), we can only �nd a small number of N ions. Speci�cally, the
dissociation products of NH3 were mainly NH2

− or NH2−. After adjusting Fe atomic layers, as the

proportion of NH2
−/NH2− decrease obviously, the intensity of N ions and H ions increase. One of the most

signi�cant phenomena is that there was almost no sign of the NH2−. It can be proved that a
transformation state exactly divides the dissociation process of NH3 into two parts. That is, before and
after the breaking of N-H bonds (Fig. 4c). NH3 does have a similar transformation state like CH3OH, that
is, NH3 �rst adsorbed at lower sites of Fe deposition. Under the induced effect of quasi Fe atomic layer,
NH3 is dissociated e�ciently. After breaking the bond, N atom would rise to the top surface and be �xed
with Fe-adatoms, forming iron-nitride. At last, the application of these magnetic clusters was discussed.
Some dimension measurements were carried out around the new iron-nitride sample. It can be found that
height values of each clusters in the linear structure are basically maintained at a stable value. Besides,
the width of linear structures was still controlled bellow 10 nm. After that, air was introduced into the
observation chamber. Without the adverse effects of oxidation, the stability of iron-nitride clusters is
surely better than that of pure iron clusters. After repeated scanning of XPS after air introduction, no peak
represents N-O or Fe-O bond was found. From the viewpoint of Si peak (Fig. 4e), in addition to Si-Si
bonds, some Si-O bonds were newly found after exposed in the air environment. It can be proved that O2

gas would react with Si atoms rather than N or Fe atoms. These interesting phenomenon are worthy of
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our deep investigation and utilization, as well as the foundation for high density magnetic storage
application.

Conclusion
In conclusion, we attained to explore the preparation of high density magnetic units on Si(111)-7×7-
CH3OH surface. Under the in�uence of surface quasi-potential, Fe atomic layers were stabilized by the
weaker interaction with Si atoms. Around the room temperature nitriding process, a great deal of work
was implemented to promote the magnetic enhancement of iron-nitride. The adsorption/dissociation
process of the reaction gas have been deducted in detail, and the relevant transition state model was
proposed. In order to solve problems such as weak linearity and low nitriding e�ciency, this paper mainly
carried on the optimization around the quasi Fe atomic layer. Fe deposition can be precisely controlled
with Ar introduction, which laid a good foundation for the better use of surface quasi-potential. With the
decrease of Fe atomic layers, the in�uence of surface quasi-potential on NH3 increases, and the
dissociation e�ciency as well as nitriding e�ciency are improved. Based on current results, the driving
force forming a linear structure should be the intensity of residual magnetization. It is veri�ed that our
new iron-nitride clusters not only have better magnetic performance, but also maintain a certain stability.
Finally, from the point of high density magnetic storage [28, 29], it is interesting to prepare the storage
unit with a critical size lower than 10 nm. The present work reveals a simple way to realize it as well as
the physicochemical mechanism behind it [30, 31].

Abbreviations
STM: scanning tunneling microscopy; ML: mono layer; XPS: X-ray photoelectron spectroscopy.
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Figure 1

(a) STM image of the Si(111)-7×7 surface with CH3OH exposure condition is 10-6 Pa, 30 s; (b) The model
of a half unit cell: three pairs of Si-OCH3 and Si-H are formed at the adatom/rest sites; (c) The model of a
Si(111)-7×7 surface saturated with CH3OH. It is inferred that there are two dissociation conjectures in the
adsorption process, corresponding to different in�uence range (red and green).
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Figure 2

(a) STM image of the Si(111)-7×7-CH3OH surface steamed with linear Fe clusters, and its height
measurement. (b) is the magnetic test results of (a). (c) STM image of the Si(111)-7×7-CH3OH-Fe surface
with NH3 exposure condition is 10−6 Pa, 30 s, and its height measurement. (d) is the magnetic test
results of (d). (e) XPS spectra of N1s in the sample of (c). (f) shows the steaming process without and
with Ar introduction.
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Figure 3

(a) STM image of the Si(111)-7×7-CH3OH surface steamed with thinner thickness of iron, steamed with
single Fe atomic layer and its height measurement. (b) is the nitriding result based on the surface of (a),
the exposure condition of NH3 is the same of Fig. 2 c. (c) is the magnetic test result of (b). (d) XPS
spectra of N1s in the samples of (b).
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Figure 4

(a) and (b): Mass spectra images of NH3, which detected in the nitriding process of Figs. 2 c and 3 b. (c)
The adsorption model of NH3, including a transformation state. (d) STM image of the iron-nitride sample
after introduction of air (10−3 Pa, 10 min). (e) High-resolution XPS spectra of Si2p after exposed in air for
2 hours.


