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A series of novel atomic structure of lowest-energy Fe,Pj3_,, (n = 0-13) clusters via density functional theory (DFT)
calculations and an unbiased structure search using Crystal structure AnalYsis by Particle Swarm Optimization (CA-
LYPSO) code. Our research results show that the global minimum geometry structure of neutral Fej3_,P, (n = 0-6)
clusters tend to form cage structures but the lowest-energy Fej3_,P, (n = 7-13) clusters are gradually evolution from a
cage structure to a chain shape geometric structure. Their geometric structure should responsible for the raise of binding
energy from Fe7Pg to Py3 clusters rather than chemical components. This is completely different from a linear relation of
the binding energy with chemical components in our previous research for Cu,Zrj3—, (n = 3-10) clusters (J. Mol. Ligq.
343 117603 (2021)). Hence, in order to characterize the global chemical stability of target cluster, we proposed a new
parameter (jyq = 1/ that the chemical hardness of isolated cluster is used to be divided by its electronegativity. One
of the biggest advantages of this parameter is successful coupling the ability of a resistance to redistribution of electrons
and the ability to attract electrons from other system (such as atom, molecular or metallic clusters). Moreover, it is found
that the Py3 cluster shows typical insulator characteristics but the Fe|,P; shows typical conductor characteristics, which
phenomena can be attributed to the remarkable delocalized and localized electrons in Fe ;P and Py3, respectively. In terms
of nearly-free-electron mode, we also found that the number of electrons on Femi level (N(Eg)) are obviously tended to
toward a lower value when Fe was replaced gradually with P from Fe;3 to P;3, and a non-magnetic can be observed in Fe 3,
Fe, Py, Fe Py, and P;3 that mainly because their perfect symmetrical between spin-up and spin-down of density of states

of electrons.
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1. Introduction

At present, the heat of study on the ground state geome-
try structure and electronic structure of isolated metal clusters
start to descend year by year,!'=3! which mainly due to below
three reasons. First, there is absence of important scientific
problems that need to be urgently solved in the field of cluster
science, which is a crucial for the cluster science whether can
continue to move forward in the future.*! Second, after years
of research, although there are abundant research results on the
ground state geometry and electronic structure of small and
medium-sized free metal clusters,/!?! there are few system-

1241 1t is well known that a timely sum-

atic review articles. !
mary and reflection are crucial to the development of the field.
Third, compared with many years ago, although the computing
power of the computer has been greatly improved, the research
of the geometry and electronic structure of metallic clusters
with larger-scale is still time-consuming and challenging by
first principles calculations.

Metallic glasses (MGs) have drawn considerable atten-
tion as promising structural materials due to their unique

combination of properties such as high strength and extreme
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hardness.>%! However, the limited ductility of MGs restricts
their use in various structural and engineering field."' Lots of
scientists have been made to unravel the physics of deforma-
tion and fracture for these MGs. Notably the Fe—P MGs ap-
pears to be one of the few models of an amorphous alloy that
results in brittle behavior on the atomic scale, making it an
attractive binary system for examining a range of mechanical
response regimes using atomic simulations. Even so, contro-
versies remain about the failure and fracture mechanisms of
Fe—P MGs from the perspective of atomic clusters up to now.
Such as how do the atomic cluster to influence the fracture
behavior of MGs during the tension and compression?

Based on the background mentioned above, by com-
bining crystal structure analysis by particle swarm optimiza-
tion (CALYPSO)!"™! code and DFT calculations, %12 we
had carried out a series of studies on the ground state ge-
ometry and electronic structure of small and medium-sized
free clusters, which often play a key role in the processes of
rapid solidification of liquids metal. In this study, by CA-
LYPSO searches!”%131 and DFT calculations, we also provide
an extensive and systematic theoretical study on a series of
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Fe,Pi3_, (n = 0-13) clusters in order to examine how do the
chemical components versus geometric structure to influence
the energy stability as well as chemical stability of metallic
glass.[!*15] And a special attention will be paid on the elec-
tronic structure and chemical activity in those lowest energy
atomic clusters.['%1 We believe that the study will help to gain
a fundamental understanding of the unique phenomena in Fe—
P metallic glass at the atomic and electronic scale. The study
is organized as follows: in Section 2, we briefly mention com-
putational details used. In Section 3 we discuss our results,
and summarize the results in Section 4.

2. Computational methods

It is well known that determining the global minimum en-
ergy configuration of cluster is a notoriously challenged work,
in this study, the lowest-energy structure of medium size of
neutral Fe,Py3_, (n = 0-13) clusters was searched in terms of
CALYPSO!U- code. In particular, the entire ground-state ge-
ometric configuration search via CALYPSO code for hunting
Fe,P13_, (n = 0-13) clusters mainly comprised three steps.
First, the original configuration of Fe—P cluster was randomly
generated with the restraint of point group symmetries, then

the bond characterization matrix[”=!

was applied to exam-
ine the similarity of the generated configuration. After the
first cluster population was generated, local structural opti-
mizations were performed immediately by DFT calculations
to eliminate the higher-energy landscape and accelerate the
systems into a local minimum for conveniently generating the
next population. Next, several low-energy structures, approxi-
mately 60% of the population size on the most promising areas
of the search space, were retained to generate new structures
by particle swarm optimization (PSO). Approximately 40%
were randomly generated!!”! using the symmetric constraints
to maintain the diversity of the Fe—P clusters. In the processes
of the structure search for each given Fe-P cluster, we fol-
lowed approximately 45 generations of the structure predic-
tion and obtained approximately 1350 isomers of Fe-P clus-
ters, all of which were preliminary optimized and ordered in
terms of the enthalpy by DFT calculations at 0 K. Accordingly,
we had calculated and optimized more than 18900 cluster iso-
mers from Fej; to Pi3. Eventually, DMOL3 soft[!3:191 was
applied to optimize the top 5 lower-energy structures for each
given Fe-P cluster in order to find the lowest-energy configu-
ration. During DFT optimization and total energy calculation,
electronic exchange—correlation functions represented in re-
ciprocal space with the Perdew—Burke—Ernzerhof (PBE)!2%-2!1
functional based on the generalized gradient approximation
(GGA)[2021] was used. A double-numerical basis set together
with d-polarization functions (DNP) was selected to describe
the electronic wave functions of Fe and P atoms. Only core

electrons described by the DFT semi core pseudopots (DSPP)
were calculated. All atomic positions in Fe—P clusters were
relaxed by geometry optimization under a root-mean-square
(RMS) force of 0.002 Ha/A (1 Ha = 27.2114 eV) and RMS
displacement of 0.005 A. The calculations of the total en-
ergy and electronic structure were followed by the geometry
optimization with a self-consistent field (SCF) tolerance of
1 x 1075 Ha.

3. Results and discussion

3.1. Lowest-energy geometric structure of Fe;;_,P,

(n = 0-13) clusters

We have combined the DFT calculations!'+161 and CA-
LYPSO softl’?) to search the global minimum geometry
structure of neutral Fe;3_,P,, (n = 0-13) clusters. The lowest-
energy geometric structure of neutral Fey3_,P, (n = 0-13)
clusters in terms of chemical compositions with total bind-
ing energy and point group symmetry are plotted in Fig. 1.
For n = 0, it can be seen in Fig. 1 that the Fe3 exhibits a
standard icosahedron configuration with I; symmetry, which
is consistent with previous reported on the ground state geom-
etry structure of isolated Fe3 cluster. 1221 For n = 1, we notice
that the ground state geometry structure of isolated Fe,P; is
distorted icosahedron configuration with Cs symmetry, when
the bottom Fe atom was replaced by P atom. For n =2, the
ground state geometric structure of Fej;P, cluster exhibits an
irregular geometry configuration with C; symmetry including
pentagonal bi-pyramid compose of Fe atoms. Moreover, with
increasing of P atoms and decreasing of Fe atoms, an identical
atomic packing pattern are exhibited in the geometric struc-
tures of Fe P3, FegPy4, and FegPs, which reveal that the change
of just chemical components is not enough to affect the ground
state geometries structure of FejgP3, FegP4, and FegP5. When
the number of Fe atoms are reduced to 7 and 6, respectively,
Fe atoms are gradually beginning to occupy the central posi-
tion of the Fe7Ps—C3, and FegP7—C;, when those P atoms tend
to be arranged at the periphery of Fe atoms. Meanwhile, for
n = 8, we notice that the lowest-energy geometric structures
of FesPg has an identical geometric structure as CugZr; and
CugZrs!'®! in our previous reported, which reveal that the cor-
responding geometry configuration has higher structure sta-
bility. Next, from the chemical composition for Fe4Po, all the
geometric configurations of the FesPjo, FeoPy, Fe;Pj», and
Py3 cluster are gradually changed from the previous nearly
spherical structure (such as Fe3) to the chain structure with
decreasing of Fe atoms and the increasing of P atoms. There
are plenty of reasons to believe that the unusual evolution of
the ground state geometry of Fey3_, P, (n = 0-13) cluster must
imply some undiscovered physical laws and mechanisms up to
now. We will study on the phenomenon in depth below.
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Fig. 1. The lowest-energy configuration of neutral Fe3_, P, (n = 0-13) clusters in terms of chemical compositions with total binding energy and
point group symmetry.

3.2. A new parameter for characterizing chemical stability
of Fe;3_, P, (n =0-13) clusters
From the perspective of thermodynamics, as definition,
the total binding energies Ep, of Fe—P clusters as a mea-
sure of the energy stability are firstly calculated by following

equation: (16}

Eyp = [E(Fei3-,Py) —nE(P) — (13 —n)(Fe)],

where E(Fej3_,P,) is the total energies of neutral Fej3_,P,
clusters, E(Fe) and E(P) are the energy of single gaseous
Fe and P atoms, respectively. The size dependence of the
E, of the lowest-energy neutral, cation, and anion Fei3_,P,
(n = 0-13) clusters, respectively, are plotted in Fig. 2(a). From
Fig. 2(a), one can see that the E}, of neutral, cation, and anion

(1)  Fe-P clusters exhibits a consistent evolutionary rule. Namely,
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their binding energy gradually reduce with decreasing of Fe
and increasing of P from Fe;3 to Fe;Pg. Once the number
of P atoms is greater than 6, the change of binding energy
of Fe-P clusters shows the opposite trend, indicating the ge-
ometric configuration of Fe;Pg (Cs,) has the most energy ad-
vantage among all chemical components of Fe3_,P, (n = 0-
13) clusters. Which above phenomena indicate that the ge-
ometric structure should responsible for the raise of binding
energy from Fe;Pg to Py3 clusters rather than chemical com-
ponents. This is completely different from a linear relation of
the binding energy of Cu—Zr clusters with chemical compo-
nents in Fig. 2(b).['®) Hence, in order to further investigate the
competition and synergy between the chemical components
and the geometric structure of Fe—P clusters, we further char-
acterize the chemical stability based on the chemical hardness
and chemical potential. In general, to facilitate the mathemat-
ical calculation for actual research, using the finite difference
approximation, !¢l the chemical potential and chemical hard-

ness can be further express as follows:

I+A
H = *% =—XM=— [ }E (Fel3fnPn) *E(FernPn)JF‘

+|E (Fei3_nPy) —E (Fei3 »Py) [ ]/2,  (2)

= [|E (Fe13-uPu) — E (Fe13_nPn) ™|

I-A
==

— |E (Fe13_4P,) — E (Fei3_nPn) " |]/2. (3

Here [ = |E(Fej3_,P,)—E (Fe;3_,P,)"| and A =
’E(Feg,nPn)fE(Fel3,nPn)_| are the vertical ionization
potential (VIP) and the vertical electron affinity (VEA) of
neutral Fei3_,P, clusters, respectively. E (Fel3_,,Pn)+ and
E (Fei3 uPy)
Fei3_ Py
of the neutral cluster. On the one hand, in thermodynamics,

are the total energies of cationic and anionic

clusters, respectively, at the optimized geometry

chemical potential (1) can be absorbed or released due to
a change of the number of the atoms or electrons for given
clusters, and the p also can be used to predict the direc-
tion of chemical reaction, which can only happen from the
side with higher u to the side with lower u until they are
equal. Furthermore, if we put a minus sign in front of the
u in Eq. (2), it will naturally become Mulliken’s electroneg-
ativity (ym = (I +A)/2). Meanwhile, because of this fun-
damental relation, !> yy; may can be called the absolute
electronegativity.>>>31 As already mentioned, Pearson had
proposed the yn can be applying to the whole system to at-
tract electrons to itself, which may be an atom, a molecule, an
ion, or a metal cluster.!?*-2%] On the other hand, the chemical
stability of Fej3_,P, clusters were also evaluated in terms of
the chemical hardness 1, which mathematical formula can be

express as Eq. (3).[23-23

Total binding energy (eV)

—-35

—40

—45

—50

—55

Total binding energy (eV)

—60

Fig. 2. Size dependence of the total binding energy Ep of the lowest-
energy neutral, cation, and anion of (a) Fe;3_,P, (n = 0-13) clusters and
(b) Cu,Zry3_, (n = 3-10),1') respectively.

Based on this, the electron count dependence of the cal-
culated yym and n of the isolated Fe3_, P, (n = 0-13) clusters
are further plotted in Fig. 3, respectively. It is clearly shown
that the 1 of Fey3_,P, (n = 0-13) clusters exhibits a down-
ward trend from P35 to Fe|3 besides Fe P, and Fe;Pg¢ at the
peak. Because 7 essentially represents a resistance to change
in the electron distribution in metal clusters, 1231 the chemical
hardness of Fe P, and Fe;P¢ show a local maximum peak, re-
spectively, which indicate they have relatively higher chemical
stability in terms of the principle of maximum hardness,20-23]
i.e., the even number of valence electron of Fe;Py, (68) and
Fe;P¢ (86) should be responsible for their higher chemical
stability. So, we must recognize that the chemical hardness
is a useful concept for understanding the behavior of chemical
systems. And it is coupled with the absolute electronegativ-
ity in this respect. From Fig. 3, one can found that the elec-
tronegativity of Fej3_,P, (n = 0-13) clusters also displayed
a clear downward trend besides a valley can be observed at
FePy,. Because the larger the magnitude of 1, the stronger
the ability to attract electrons to itself. So, the ability to at-
tract electrons became weakened gradually with increases of
valence electron count from Py3 to Fe;3. In addition, the ) of
Fe P, is in a relatively obvious valley, which just means that
the higher chemical inertness and the lower chemical activity.

In fact, no matter the chemical hardness, chemical potential,
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or electronegativity, they can only describe the chemical prop-
erties of a certain aspect of a metal cluster, which are difficult
to describe the whole chemical properties of the metal clus-
ter. Therefore, we expect to find and propose a more ideal
parameter to describe the chemical stability of the metal clus-
ter. Based on this, by analyzing the physical significance of

24.251 we found that

chemical hardness and electronegativity,!
the chemical hardness of each cluster is used to be divided by
its electronegativity, which can reflect the chemical properties
of the target cluster in depth, and can increase the coupling be-
tween the ability of a resistance to change in the electron dis-
tribution in clusters and the ability to attract electrons, and we
call it jyq = 1/ parameter. Namely, the higher the value of
jyq = n/x parameter, the higher the value of chemical hard-
ness and the lower the electronegativity. In other words, the
higher the value of jyq = 1/ parameter, the ability of the
system to prevent electron redistribution is relatively stronger,
and its ability to absorb electrons from the outside is relatively
weakness. Whereas, if the lower the value of jyq = n/y, the
stronger the ability to attract electrons from other system. In
Fig. 3, one trough (Fe;P;1) and two peaks (Fe{P1, and Fe;Pg)
that can be found in the electron count dependence of the jyq
parameter of the lowest-energy neutral Fej3_,P, (n = 0-13)
clusters. Which two peaks means the whole chemical stabil-
ity of Fe;P, and Fe;Pg is higher than that of their neighbor-
ing chemical components. And one trough indicated that the
chemical stability of Fe,Py; is poor and its chemical activity
is relatively higher, which could be attributed to its C,, lay-
ered geometric structure with pentagonal bipyramid as inter-
mediate layer. In addition, from Fe,P;; to Fe3, the chemical
stability of binary Fe—P clusters gradually increases with the
increase of the number of valence electrons that due to the
ground state geometric structure of Fe—P clusters is gradually
evolving from chain structure to cage (core-shell) structure in
Fig. 1.
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Fig. 3. The electron count dependence of the chemical hardness (1),
electronegativity (), and jyq parameter of the lowest-energy neutral
Fej3_,P, (n = 0-13) clusters, respectively.

3.3. Electronic structure of the lowest-energy geometric

structure of Fe;_,P,, (n = 0-13) clusters

The molecular orbitals of the lowest-energy neutral
Fei3_,P, (n = 0-13) clusters were plotted in Fig. 4, in or-
der to analyze the electronic structure. From Fig. 4, one
can found that the energy gaps of Feis, Fe|;Py, Feq 1Py,
F610P3, F69P4, FegP5, FC7P6, F66P7, F65Pg, FC4P9, Fe3P10,
Fe,Pyy, Fe Py, and Py3 are 0.117, 0.06, 0.10, 0.147, 0.321,
0.273, 0.217, 0.251, 0.417, 0.348, 0.485, 1.278, 1.518,
and 1.633 eV, respectively. The energy gap values of
Fei3_,P, (n = 0-13) clusters decrease in the following order:
P13 > Fe P> > Fe,Py1 > FesPyg > FesPg > FeqsPg > FegP4 >
FegPs > FecP; > Fe;Pg > FegP3 > Fe3 > Fe 1P, > Fe;Py,
which indicates the P53 has the highest energy gap and the
Fe,P; has the lowest energy gap in the 14 chemical com-
positions in Fig. 4. Obviously, the P53 cluster shows typical
insulator characteristics but the Fej,P; shows typical conduc-
tor characteristics. Meanwhile, from the molecular orbital
(MO) isosurfaces of Fej,P, one can see that four 7 orbitals
formed in the highest occupied molecular orbital (HOMO)
with the components of 3d electrons of Fe, whereas several
o orbitals formed in the lowest unoccupied molecular or-
bital (LUMO) with the 3p and 3d electrons of Fe. For Py3,
many stout o orbitals formed in HOMO with the components
of 2p electrons of the 13 P atoms with a chained geometric
structure, similar o orbitals formed in its LUMO with the
components of the local massive pattern 2p electrons. So the
obvious delocalized electrons in Fe,P; cluster form a sharp
contrast with the stronger localized electrons isosurfaces pat-
tern in P13, which provides a good physical explanation for the
characteristics of conductors and insulators of Fe|,P| and Py3
clusters, respectively. Next, in terms of nearly-free-electron
mode, %! the density of states (DOS) of the lowest-energy
Fey3_,P, (n = 0-13) clusters was calculated to investigate the
correlation between the electronic structure and energy stabil-
ity. For the lowest-energy Fe3_,P, (n = 0-13) clusters, the
curves of total DOS nearly the Femi level are plotted in Fig. 5.
And the correlation between the electrons on the Femi level
(N(Eg)) and the energy gap (E,) dependence of the chem-
ical components of the lowest-energy Feisz_,P, (n = 0-13)
clusters are plotted in Fig. 6. Combining Figs. 5 and 6, one
can found that when Fe was replaced gradually with P from
Fe3 to Py3, the N(EF) is obviously tended to toward a lower
value, moreover, after FejoP3, the N(Eg) also shows odd-
even oscillation effect in the decreasing trend. Whereas, the
E, shows an obviously increasing trend, especially when the
difference between the number of P atoms and the number of
Fe atoms become bigger and bigger. Namely, the maximum

energy gap of Pj3 cluster corresponds to the Fermi level lies

047102-5



Chin. Phys. B 32, 047102 (2023)

T - - W
% I
0.117 eV f O J— —
_ LHOMO 0.06 eV — — |
3.5 (‘)f/, H(TMO W L =
—~ ; LUMO L egl.
> % @ 0.1 eV !:‘ X
L s HoMo LUMO ol
- 4ol = = _ 0.147 eV L,UMO JM =
20 - HOMO 321 oy PUMO &
) — ]
=] — thuany e HQMO 0.273 eV S{cﬁe‘i
- Sl PR
_ — g ¢ HOMO ‘
—4.5f - = R~ S “Q;
o 'gggo.zn eVHE
Fe Fe,,P, Fe, P FergP Fe,P,  FegPs . Pg i{
T T T — T T T
b _ %o
_350 (P — *g .
<y — — _ 2%
— = LUMO ‘?
~ —4.0r lf = = == LUMO | 1
3 IF310 s L BT ? T 1.633 eV
> _4.510.251 eV @ (&0 -
) 5 HOMO Lhio “% 8 o 1218eVy 586y
g o ¥ S
= 0417 eV L%ﬂo HOMO
M _50f £ HOMO 0.348 eV DY - J
o = nomo 0485 eV &
] HOMDE —— ¢ .
_ HOMO =
—55F — 4 & -
FegP7 Fe;Py eyl 3L 1 Fe,Py,  FePyy 13

Fig. 4. Energy level and molecular orbital (MO) isosurfaces of the lowest-
energy neutral Fej3_,P, (n = 0-13) clusters. For interpretation of the

references to color in
version of this article.

this figure legend, the reader is referred to the web

35
30
25

20,

15

10}

Density of states (electrons/eV)

0

* Feyy

¢ Fe,P;
4 Fe Py
v Fe )Py
¢ FeyP,
« FegPy
> Fe,Pg
* FesP,
* FesPg
* Fe,Py
° FezPyg
+ FeyPyy
X Fe Py

—0.4

—0.2 0 0.2 0.4

K Py
Energy (eV)

Fig. 5. Total density of states (DOS) near the Fermi level of the lowest-
energy Fej3_,P, (n = 0-13) clusters.

L8 T T
16/ @
r2f |
1Lof|
0.8
0.4
0.2
of

Energy gap (eV)

-v% - Energy gap
-@- N(Ey)

N(Erp)

Fig. 6. Total N(Er) at Fermi level and energy gap dependence of the

chemical components for the lowest-energy Fei3_,P, (n = 0-13) clus-

ters, respectively.

at a minimum of the density of states, and the minimum energy
gap of Fe Py cluster almost have a maximum of the density of
states on the Fermi level except of Fe3 cluster. Which means
that the number of electrons on the Fermi level of Fe—P cluster
mainly depends on its chemical composition, and which also
further confirmed the objective fact that P13, as an isolated free
cluster with insulator characteristics could be attributed to hav-
ing relatively few free electrons on the Fermi level.

3.4. Magnetic properties and atomic charge of the lowest-
energy geometric structure of Fes_,P, (n=0-13)
clusters
To investigate the magnetic properties of the lowest-

energy geometric structure of Fe—P clusters in Fig. 1, we have

selected the density of states (DOS) curves of Fei3, Fej,Py,

Fe;Pg, and P13 atomic clusters as the research objects in Fig. 7.

In Fig. 7(a), perfect symmetrical spin-up and spin-down states

can be observed for neutral Fe;3 and P;3 clusters, and re-

markable asymmetries between spin-up and spin-down states
can be observed for Fe;Pg and Fe|,P; clusters. These find-
ings indicate that neutral Fe|,P; and Fe;Pg are ferromagnetic,
whereas Fej3 and Pi3 clusters are not magnetic. In order to
reveal the electronic orbits that have made substantial contri-
butions to magnetism of Fe—P clusters, we had also plotted
the curve diagram of the partial density of states of electrons,
such as s, p, and d orbitals!*’! in Fig. 7(b). From Fig. 7(b), one
can find that asymmetrical total spin of Fe;P¢ and Fe,P; clus-
ters could be attributed to the asymmetrical spin-up and spin-

down states of d and p electrons, and s electrons also have a

slightly split between spin-up and spin-down states and make

a weakly contribution for the magnetic properties. Next, to

investigate the correlation between the magnetic property!?8!

and Fe-P chemical composition, total magnetic dependences
of the chemical components for the lowest-energy Fei3_,P,

(n = 0-13) clusters are plotted in Fig. 8. From Fig. 8, one can

clearly find that the magnetic property is sharply decreased

with the Fe replaced by P atoms one by one. Which indicates
that Fe atoms still play a key role in generating magnetism for

Fe—P clusters, even in the microscopic field they were domi-

nated by quantum effects. Meanwhile, a non-magnetic prop-

erty can be observed in Fei3, FeoPy;, Fe;P», and P;3 that
mainly because their perfect symmetrical between spin-up and
spin-down states of electronic DOS.

Finally, in order to quantitative address the ionicity of

A atom in the lowest-energy Fei3_, P, (n = 0-13) clusters in

Fig. 1, the Mulliken’s charges Q(A)?*3% of A atoms in the

lowest-energy of Fej3_,P, (n =0, 1, 6, 13) clusters as typical

representative is listed in Table 1. From Table 1, one can found

that all the core atoms of Fey3 () and Fe,P; (Cs) are posi-
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tive, whereas all the shell atoms are negative. Namely, all shell
atoms are to accept electrons in the formation of icosahedral
cluster, different from the donation of core Fe. The charge
transfer direction between Fe and P of Fe;3_,P, (n =0, 1,
6, 13) clusters does not follow the Pauling’s electronegativity,
which revealed that the transfer of electrons in a free or iso-
lated Fe—P cluster mainly depends on its geometric structure
in some degrees. In fact, to compared with the Fe—P clusters
in disordered atomic environment in MGs, the isolated ground
state Fe,P13_, (n = 3-10) clusters usually have lower bind-

ing energy, fewer electrons on the Fermi level, stronger inter-

atomic interaction, higher chemical stability, and lower chem-
ical activity, and so on. Whereas, for Fe-P clusters in MGs,
it is not only a metastable state, but also there are various in-
teractions between the complex local atomic environment and
the Fe—P clusters. So far, there is still a long way for the full
understanding of the microscopic deformation mechanism of
metallic glasses from the perspective of atomic cluster, three
different approaches, experiments, computer simulations, and
theoretical modeling, will be further closely combined well

with each other in our future work.

Table 1. Mulliken’s charges Q(A) of A atoms in Fej3_,P, (n =0, 1, 6, 13) clusters.

O(Fe;) QO(Fer) Q(Fe3) Q(Fey) Q(Fes) Q(Fes) Q(Fe;) Q(Feg) Q(Feo) Q(Ferp) Q(Fer) Q(Fepn) QO(Fers)
shell shell shell shell shell shell shell shell shell shell shell shell core
Fes (1) -0.169 —-0.152 -0.198 -0.191 -0.161 —0.181 -—0.198 -0.191 -0.161 —0.152 —0.181 —0.169 2.104
Q(Fe;) Q(Fe;) QO(Fes) Q(Fes) Q(Fes) QO(Feg) Q(Fe;) Q(Fes) QO(Feg) QO(Ferg) O(Fen) Q(Fern) Q(Fers)
core shell shell shell shell shell shell shell shell shell shell shell shell
FepPy (Cs) 1923 —0.187 —0.198 —0.151 -0.156 —0.114 —0.160 —0.206 —0.197 —0.158 —0.205 —0.150 —0.041
O(Fe;) QO(Fey) Q(Fes) Q(Fes) QO(Fes) O(Fes) Q(Fe7)  OFPs)  OMPy)  OPrp) OF1) OFPr)  OF13)
Fe;Pg (C3,)  0.043 0426  —0.231 -0.215 0.031 0.048  —0.227  0.022 0.013 0.027 0.022 0.026 0.015
oPy) 0Py) 0(P3) O(Py) 0O(Ps) 0(Pg) oP7) O(Ps) O(Py) OP) QOP1) QOFPp)  OFP3)
Pi3 (C)) 0.051 0.032  —0.001 —0.008 —0.094  0.004 0.021 —0.011  0.013 —0.007 0.031 —0.026  —0.006
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Fig. 7. (a) Total and (b) partial density of states (PDOS) regard as spin-up and spin-down states for the lowest-energy neutral Fej3_,P, (n =0,
1, 6, 13) clusters. The Fermi level indicated by the red dotted line is set to zero.
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Fig. 8. Total magnetic dependence of the chemical components for the
lowest-energy Fej3_,P, (n = 0-13) clusters.

4. Conclusion

The ground state geometric structure of Fej3_,P, (n = 0—
13) clusters and their thermodynamical stability, chemical sta-
bility, electronic structure, and total magnetic dependence of
the chemical components, were systematically investigated via
DFT calculations in this paper. First, our research results show
that the lowest-energy structure of the binary Fe-P clusters
tend to form cage structures when the number of P atoms is
less than the number of Fe atoms, but when the number of P
atoms once exceeds Fe, the geometric structures of Fe3_,P,
(n = 7-13) clusters are gradually evolved to a chain shape
from cage. And by analyzing the thermodynamical stability
in terms of binding energy, our results show that the relation-
ship between binding energy and chemical compositions of
the lowest-energy Fej3_,P, (n = 0-13) clusters is nonlinear.
Second, by considering the physical significance of chemical
hardness and chemical potential for Fe—P clusters, we have
proposed a new parameter (jyq = 71/ x) that the chemical hard-
ness is used to be divided by electronegativity to characterize
the global chemical stability of the target cluster. The success-
ful coupling ability of a resistance to redistribution of electrons
and the ability to attract electrons from other atom, molec-
ular or metallic clusters are one of the biggest advantages of
jyq =1/ parameter. Third, by analyzing the electronic struc-
ture (DOS, E,, N(Ep)) of the lowest-energy geometric struc-
ture of Fej3_,P, (n = 0-13) clusters, we found that the P;3
cluster shows typical insulator characteristics but the Fej,P
shows typical conductor characteristics, these phenomena can
be attributed to obvious delocalized and localized electrons
isosurfaces patterns in Fei,P; and Py3, respectively. More-
over, the magnetic properties of the lowest-energy Fejs_,P,
(n = 0-13) clusters are sharply decreased with the Fe replaced

by P atoms one by one, and a non-magnetic properties can be
observed in Fey3, FeoPyy, Fe1 Py, and P;3 that mainly caused
by their perfect symmetries between spin-up and spin-down
states of electronic DOS.
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