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Ab initio molecular dynamics calculations have been carried out to search for the ground state structure of Fe, Tij3_,
clusters and measure the thermal expansion of Fe,Tij3_,. The volume of Fe,Tij3_, clusters during thermal expansion is
jointly determined by anharmonic interaction and magneto-volume effect. It has been found that FegTi;, FegTig, Fey1Tip,
and Feq3 clusters can exhibit the remarkable magneto-volume effect with abnormal volume behaviors and magnetic moment
behaviors during thermal expansion. A prerequisite for the magneto-volume effect of Fe,Tij3_, clusters during thermal
expansion has been revealed and the magnitude of the magneto-volume is also approximately determined. Furthermore,
the magneto-volume behaviors of Fe, Tij3_, clusters are qualitatively characterized by the energy contour map. Our results
shed light on the mechanism of the magneto-volume effect in Fe,, Tij3_, clusters during thermal expansion, which can guide
the design of nanomaterials with zero expansion or even controllable expansion properties.
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1. Introduction

The magneto-volume effect,!!! which refers to the in-
teraction between magnetic transition and volume change of
materials,?! has been the subject of extensive research over
the past decades. There are a multitude of physical phenom-
ena and applications associated with the magneto-volume ef-
fect, such as Invar alloys and antiperovskite materials with
negative thermal expansion. The origin of the Invar effect in
low expansion alloys is still controversial,*! but it has been
widely accepted that it is tightly connected to the existence
of different magnetic states with different volumes,*8! and
the transition between them would lead to the suppression of
thermal expansion. The spontaneous volume magnetostriction
of ferromagnetic transition metals at the Curie temperature is
produced by the transition from the ferromagnetic state to the
paramagnetic state.[>-1% Antiferromagnetic antiperovskite ma-
terials such as Mn3Cu;_,Ge,N exhibit negative thermal ex-
pansion over a certain temperature range due to the transi-
tion from the antiferromagnetic state to the paramagnetic state
with the temperature increasing.!''=4] These volume change
behaviors contradict the traditional pattern of thermal expan-
sion and cold contraction caused by the anharmonic lattice

[15.16] Since these phenomena are all owing to the

vibration.
magnetic transition of materials induced by the temperature, it
is considered as the magneto-volume effect. Previous studies
have shown that the magneto-volume effect can be contributed
by the transition from the magnetic order state to the param-

agnetic state,!!”->#) the transition between the ferromagnetic

fCorresponding author. E-mail: lihuilmy @hotmail.com
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acaf2e

state and the antiferromagnetic state,>>2%! the change of local
magnetic moment, *>7-28] and so on.

Clusters have very different properties from bulk. Plenty
of efforts have been devoted to studying the magneto-volume
effect of bulk materials, while studies focusing on the thermal
expansion of clusters are scarce.l?! Exploring the magneto-
volume effect at the cluster scale is of great significance for
further understanding it. In this paper, we mainly concentrate
on the thermal expansion of 13-atom Fe-Ti clusters and the
magneto-volume effect at the cluster scale.

2. Computational methods

Our first-principles calculations, mainly including geom-
etry optimization, static calculation, and ab initio molecu-
lar dynamics (AIMD) calculation, are performed using den-
sity functional theory (DFT) implemented in the Vienna
ab initio simulation package (VASP).[3-33 The exchange—
correlation energy functional is described by the Perdew—
Burke-Ernzerhof (PBE) method based on the generalized gra-
dient approximation (GGA).3*33! The projected augmented
wave (PAW) method is adopted.[¢! For all calculations, the
cutoff energy for the plane-wave basis set is 300 eV. The to-
tal energy is converged to less than 10~% eV/atom, while the
atomic force is converged to less than 0.01 eV/A. We per-
form all calculations using a single k point (I" point) for the
Brillouin-zone integration, and we use a cubic simulation box
with a lattice parameter of 20 A. For AIMD calculations,
the canonical ensemble (NVT) is employed with the Nose—
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Hoover thermostat.3738! to control the temperature, with a
time step of 1 fs.

It is well known that even a simple Fe;3 cluster con-
tains thousands of local energy minimum configurations. [*°]
Although it is difficult to determine the ground state structure
of Fe,Tij3_,, there are three common methods. The first is
the annealing method.!*>#11 where the clusters are relaxed at
3000 K to obtain the disordered structures, and then cooled
to 0 K to acquire the annealed structures. The second ap-
proach is the relaxation method,*?! which relaxes the disor-
dered clusters at 1000 K, and then searches for several struc-
tures corresponding to the minimum values on the potential
energy surface. After optimizing the selected structures, the
most stable configuration is determined. The third one is the
prediction method.!*3! Previous research has shown that the
ground state structures of Fej3 and Ti3 are both icosahedral
structures,*381 5o the icosahedron is relatively more stable
for Fe, Tij3_,. Here, according to the relative positions of Fe
atoms and Ti atoms in Fe,Tij3_, obtained by the annealing
and relaxation methods, we set the icosahedral structure of
Fe,Tij3—,, and then we compare the optimized results with
those obtained by annealing and relaxation to determine the
ground state structure of each cluster. Three distinct structures
of Fe, Ti|3_, clusters are produced, which are shown in sup-
porting information.

After acquiring the ground state structure, AIMD calcula-
tions are employed to measure the thermal expansion property
of Fe,Tij3_, (n=0,1,2,6,7,9, 11, 12, 13) at six different
temperatures: 300 K, 400 K, 500 K, 600 K, 700 K, and 800 K.
Fe,Tij3—, is put at a constant temperature to relax for 5000
steps with spin polarized calculation. To keep the total mag-
netic moment of Fe,Tij3—, fixed during thermal expansion,
we innovatively apply the fixed spin moment (FSM) setting
to AIMD, namely, the fixed spin moment ab initio molecular
dynamics (FSM-AIMD) calculation. Fe,Tij3_, is placed at
300 K, 500 K, and 800 K to relax for 5000 steps, respectively,
while keeping the difference between the number of electrons
in the up and down spin components fixed by the VASP code.
Actually, the ground state structures of Fe, Tij3_, clusters are
all close to regular or irregular icosahedrons. Therefore, we
adopt the volume of the icosahedron composed by the centers
of 12 atoms on the cluster surface as the volume of Fe, Tij3_,
clusters. Meanwhile, Fe,Tij3_, clusters can still maintain
the icosahedron-like structure at a particular temperature dur-
ing the AIMD simulation due to the stability of icosahedron.
Therefore, we employ the above-mentioned volume definition
method to calculate the cluster volume corresponding to each
step in the MD trajectory and take the average volume of the
last 3000 steps as the cluster volume at a particular tempera-
ture.

It is well known that the GGA method cannot well de-
scribe the strong interaction of d and f electrons in transition
metals. To test the accuracy of our GGA method, the GGA+U
(U = 2.5 eV) method is applied to calculate the structural

properties of Fe, dimer and Ti, dimer as shown in Table 1.
It can be observed that the bond lengths of Fe, dimer and
Tip dimer calculated by the GGA+U method are both larger
than the experimental data, while those calculated by the GGA
method are consistent with the experimental data. Yuan et
al.") have reported that the GGA4U method overestimates
the spin moment of Fe[; cluster. Alvarado-Leyva et al.>)
also found that the GGA+U method would give a quite large
magnetic moment in the bce bulk (about 2.60up instead of
2.21up). Therefore, the GGA+4U method might not be a suit-
able method to explore the properties of Fe, Tij3_, clusters as
compared with the GGA method. We have full confidence in
the GGA method as many researches on transition metal clus-
ters have been carried out by the GGA method in the past few
decades.

Table 1. Calculated atomic bond lengths of Fe, dimer and Ti, dimer at the
ground state. A value of U = 2.5 eV is adopted in the GGA+U method to
specify the strength of the effective on-site Coulomb interactions.

Bond length (A)
GGA GGA+U Expt.
Fe, 2.000 2.136 2.02+0.0251
Tip 1.961 2.002 1.9422 4 0.0008152

3. Results and discussion
3.1. Characteristics of Fe, Tii3_,

We first present the ground state structures with the low-
est energy for Fe, Ti|3_, clusters as shown in Fig. 1. It is ob-
served that the majority of Fe,Tij3_, configurations resem-
ble icosahedrons, and that their central atoms are always Fe
atoms (with the exception of Tij3 and Fe,Ti;). Among them,
Tijs, FeiTijp, Fei2Tiy, and Fejs are close to regular icosahe-
drons with Dsg4, I, D3, and Ds; geometric symmetries, re-
spectively; while Fe,Tijy, Fe;Tig, FeoTis, and Fe;;Tiy are
irregular icosahedrons with Cs,, C3,, C;, and Cy, geometric
symmetries, respectively. FesTijg (Ca,), FesTig (Cs), FesTig
(Cyy), FegTiy (Cy), and FegTis (Cy) are three-layer structures
like a distorted icosahedron being compressed along a specific
direction. FejogTiz (Cy) is a unique structure with the lowest
symmetry and seems to be a twisted icosahedron.

Next, we calculate the binding energy (E}) of Fe, Tij3_,.
The E;, is defined as[43-3]

Ectuster — L 1E;
Yni

where E¢yser 18 the total energy of the cluster, #; is the number

Ey = ; ey

of type i atoms in the cluster, and E; is the energy of an iso-
lated type i atom. The variation of E}, versus the number of Fe
atoms is plotted in Fig. 2(a). It follows that with the increasing
number of Fe atoms in the cluster, the Ey, of Fe,Tijz_, de-
creases initially, and then gradually rises. Specially, Fe,Tij;
has the lowest Ey, (—3.81 eV/atom), while Fe;3 has the highest
Ey, (—3.33 eV/atom). Our results are in good agreement with
those from Piotowski et al.,*3! as marked in Fig. 2(a).
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Fig. 1. Ball-and-stick models of ground state structures of the Fe,Tij3_, clusters. Molecular point-group symmetries are given in parentheses

with a tolerance of 0.1 A.

Figure 2(b) shows the volume and bond length of
Fe,Ti|3_, clusters. It is observed that the volume of Ti;3 is
the largest, with the value of around 45.6 A3. With the in-
crease in the number of Fe atoms, the Fe, Ti;3_, volume grad-
ually decreases and eventually swings at 35.3 A3. InFe, Tij3_p
clusters, there are two types of chemical bonds: the chemi-
cal bonds between two surface atoms (SS bonds) and those
between the central atom and surface atom (CS bonds). The
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bond length of Fe, Tij3_, is also shown in Fig. 2(b). In gen-
eral, the SS and CS bond lengths of Fe,Tij3_, fluctuate and
decrease as the number of Fe atoms increases, and the differ-
ent ground state structures of Fe,Tij3_, are thought to be the
source of the bond length fluctuation. The calculated CS bond
length for Fe3 and Ti3 is 2.40 A and 2.62 A, which are in

accordance with previous work. [43:43:47:48,33,54]
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Fig. 2. The properties of Fe, Tij3_, clusters. (a) The binding energy (Ey,) of Fe, Tij3—_,. (b) The volume, CS bond length, and SS bond length
of the ground state structures of Fe, Tij3_,. (c) The total magnetic moment of Fe, Tij3_,. (d) The local atomic magnetic moment of Fe, Tij3_j.
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Subsequently, the magnetism of Fe,Tij3_, has been in-
vestigated, and the total magnetic moment and the local atomic
magnetic moment of Fe,Tij3_, are shown in Figs. 2(c) and
2(d). With the increase in the number of Fe atoms, the to-
tal magnetic moment of Fe, Tij3_, fluctuates around 4pip first
and then increases sharply. Fe;3 has the maximum magnetic
moment (44ug). For Fe atoms, the local magnetic moment
is always positive, except for the center Fe atom in Fe;Tij,.
The local magnetic moment of surface Fe atoms and center Fe
atoms fluctuates and then rises with the increase in the num-
ber of Fe atoms, which might explain the variation trend of
the total magnetic moment of Fe, Tij3_,. The local magnetic
moment of center Fe atoms is lower than that of surface Fe
atoms, which is ascribed to the localized 3d electrons of the
surface atoms. 55371 For Ti atoms, the local magnetic moment
is mainly negative, except for Tij3 and Fe Tij;. It is found
that only Ti3 and Fe;3 exhibit ferromagnetism, while the other
ones show ferrimagnetism.

3.2. Thermal expansion of Fe,, Tis3_,

The volume expansion ratio (AVy /Vp) is used to measure
the thermal expansion property of Fe,Tij3—, (n =0, 1, 2, 6,
7,9, 11, 12, 13), as displayed in Figs. 3(a) and 3(b). AVy/Vp
is calculated as (Vr — Vp)/Vh, where Vr represents the volume
at temperature 7' and Vj represents the volume of the ground
state structure. The AVy /Vy of Fe,Tij3_, increases as the tem-
perature rises. It is noticed that FesTiy has the largest AVy /Vj
for all temperature, followed by Fei,Ti;, while FegTis and
Fe Tij; have relatively small AVy /V. At 300 K, the AVy /V
of FegTiy is about —0.06%, implying that the FeqTis volume
at 300 K is slightly smaller than Vj. In this case, how to deal
with the different AVy /Vy of Fe,Tij3_,? According to the E,
of Fe, Tij3_, in Fig. 2(a), Fe,Ti has the lowest Ey,, while the
E}, of Fey3 is the highest. If the AVy /V; of Fe, Tij3_, is deter-
mined by the Ey, the AVy /Vy of Fe,Tij; should be the small-
est, and at the same time that of Fe;3 should be the biggest,
which is inconsistent with the calculation results. Therefore,
the binding energy of Fe, Tij3_, cannot explain the difference
in the volume expansion ratio of Fe, Tij3_,.

In fact, the increase in temperature not only generates the
change of Fe,Tij3_, volume but also leads to the shift in the
spin state of Fe,Tij3_, clusters manifested as the change in
Fe, Tij3_, total magnetic moment, as shown in Fig. 4. AMr is
calculated as My — My, where M7 represents the total magnetic
moment at temperature 7 and My represents the total magnetic
moment of the ground state. As the temperature rises, the AMr
of Ti]g, FelTilz, FezTi”, Fe”Tig, and F613 decreases, while
that of FegTi; and Fe;Tig fluctuates around Oug. The AMr
of FegTiy increases as the temperature rises, but it is always
less than Oup. However, the AMr of Fei,Ti; is always Oug,
demonstrating that the total magnetic moment of Fe,Ti; al-
ways remains constant at 38 g as temperature increases.
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Fig. 3. Thermal expansion of Fe,Tij3_, clusters. (a) The volume ex-
pansion ratio (AVr /V) of Fe,, Tij3—, (n =0, 1, 2,7, 12). (b) The volume
expansion ratio (AVr/V) of Fe,Tijz—, (n =6, 9, 11, 13). The black
line plot is AVr /V of Fe, Tij3_, calculated by AIMD without the FSM
method, while the red scatter plot is AVr /V of Fe,Tij3_, calculated by
FSM-AIMD at 300 K, 500 K, and 800 K.
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Fig. 4. The total magnetic moment difference relative to the ground
state (AMr) of Fe, Tij3—, at different temperatures.

We have initially tried to explain the relationship among
temperature, volume and total magnetic moment of Fe, Tij3_,
clusters during thermal expansion by using the relation in
Fig. 5(a), that is, with the temperature rising, the volume will
increase due to the anharmonic interaction between atoms,
and the change of atomic structure of clusters will lead to the
change of the total magnetic moment. Previous research!>%!
has demonstrated that when the volume of bcc 3d transition
metals increases, so does the atom’s local magnetic moment.
According to the above explanation, the increasing tempera-
ture will lead to the increase of the cluster volume, and then
lead to the increase of the total magnetic moment. However,
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this is completely inconsistent with the actual total magnetic
moment behaviors of Fe,Tij3_, clusters during thermal ex-
pansion as shown in Fig. 4. Therefore, the total magnetic
moment of Fe, Ti|3_, clusters during thermal expansion is not
simply determined by the atomic structure. To better explain
the relationship among temperature, volume and total mag-
netic moment on heating, we put forward another assumption,
as shown in Fig. 5(b). When the temperature rises, the cluster
volume will increase due to the anharmonic interaction, and
the spin state will also shift with the temperature increasing,
resulting in the change of the total magnetic moment, which
further leads to the change of the cluster volume. That is to
say, the volume of Fe,Tij3_, clusters during thermal expan-
sion is jointly determined by the anharmonic interaction and
magneto-volume effect. Hence, we can consider the cluster
volume as a binary function of temperature and total magnetic
moment during thermal expansion.

Fig. 5. Schematic illustration of the interaction of temperature, volume,
and total magnetic moment of Fe,Tij3_, clusters during thermal ex-
pansion. “T” represents the temperature, “V” represents the volume of
Fe,Tij3_, clusters, and “M” represents the total magnetic moment.

To confirm the existence of magneto-volume effect in
Fe,Tij3_, cluster during thermal expansion, we have simu-
lated the thermal relaxation of Fe,Tij3_, with the total mag-
netic moment fixed by using the FSM-AIMD calculation, en-
suring that the thermal expansion of Fe,Ti3_, cluster is only
caused by anharmonic vibration. At 300 K, 500 K, and 800 K,
compared with unfixed total magnetic moment, the AVy/Vj
of Tiy3, Fe Tijp, FepTiyy, Fe;Tig, and Fe,Ti; is almost the
same under the condition that the total magnetic moment re-
mains fixed as shown in Fig. 3(a), while for FegqTi;, FegTia,
FeTip, and Fe;3, there is a significant gap between the ther-
mal expansion of the fixed spin moment and that of the un-
fixed spin moment, which is caused by the magneto-volume
Meanwhile, the AM7 of
FegTi7, FeoTia, Feq1Tip, and Fey3 is rather large, as indicated

effect, as displayed in Fig. 3(b).

in Fig. 4. Therefore, it is deemed that the rise in temperature
leads to the change in Fe,Tij3_, total magnetic moment, and
subsequently the change in Fe,Tij3—, total magnetic moment
causes the variation in Fe, Tij3_, volume, which is the reflec-
tion of the magneto-volume effect on microscopic atomic clus-
ters. Hence, we have obtained the conclusion that the volume
of Fe, Tij3_, clusters during thermal expansion is jointly de-
termined by the anharmonic interaction and magneto-volume
effect.

3.3. Magneto-volume effect in Fe, Tij3._,

The shift in the spin state of the cluster caused by ther-
mal excitation, represented as the change in the total magnetic
moment, is a prerequisite for Fe, Tij3_, clusters to exhibit the
magneto-volume effect on heating, as explained in Fig. 5(b).
Since temperature could cause the spin state of Fe,, Tij3_, clus-
ters to shift, it is significant to estimate the population of var-
ious spin state configurations at different temperatures by uti-
lizing Boltzmann distribution law. The population (P) of vari-
ous spin state configurations of Fe, Tij3_, clusters as shown in
Fig. 6 is calculated as follows:

e —AEi/KT

T Y e AE/KT

(@)

where AE is the relative total energy between isomers with
different spin states and the ground state, and k is the Boltz-
mann constant. For Ti;3, Fe1Tijs, Fe,Tipq, FeoTis, and Feqs,
thermal excitation causes the spin state of the cluster to transi-
tion from the ground state to a lower spin state. For FegTi7,
Fe;Tig, and Fe;Ti, as the temperature increases, the spin
state of the cluster might shift to low spin state and also to
high spin state. However, the finite temperature variation does
not change the spin state of Fe|,Ti; cluster. The local mag-
netic moment of each atom in Fe,Tij3_, clusters at different
temperatures is also calculated, as shown in Fig. S4. Gener-
ally speaking, the spin states of Fe atoms and Ti atoms in Fe—
Ti clusters are consistent with the change trend of the overall
cluster spin states with the temperature increasing. The results
drawn from the population calculation are essentially consis-
tent with the change of the total magnetic moment obtained
in the thermal expansion simulation in Fig. 4, which further
illustrates the rationality of the transition in the cluster spin
state caused by thermal excitation. Meanwhile, the shift in the
spin state caused by thermal excitation is a prerequisite for the
magneto-volume effect of Fe,Tij3_, clusters during thermal
expansion.

To study the effect of the total magnetic moment on the
cluster volume, the magneto-volume (V) is defined as the vol-
ume when the total magnetic moment is M, which is varied by
the change in total magnetic moment of clusters on heating.
Combining Fe, Tij3_, volumes at 300 K, 500 K, and 800 K
obtained by the FSM thermal relaxation simulation, the Vj; of
Fe, Tij3_, clusters can be calculated as follows:

Viu = AV +Vo, AVy =Vru —Vrumy, 3)

where AV); denotes the volume difference between magneto-
volume and ground state volume, V7 denotes the Fe,Tii3_,
volume when the temperature is 7 and the total magnetic mo-
ment is M, and V7 y, denotes the Fe, Tij3_, volume when the
temperature is 7 and the total magnetic moment is My. It
has been discovered that FegTiy, FeoTis, FeqTiy, and Feqs
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have considerable magneto-volume effect during thermal ex-

pansion, so the relative volume (AV) and relative total energy

(AE) of their isomers with different spin states in comparison

to the ground state are displayed in Fig. 7. The AV), induced by

the magneto-volume effect is also plotted in Fig. 7. For FegTi;

and Fey3, the AV, roughly matches the AV caused by chang-

ing the spin state. For FeqTiy and FeTiy, the AV), is slightly
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different with the AV. In other words, if the total magnetic mo-
ment of Fe, Tij3_, in thermal expansion is known, the AV, can
be roughly estimated from the AV according to Fig. 7. This is
sufficient to demonstrate the logic of the magneto-volume ef-
fect during thermal expansion and approximately calculate the
magnitude of the magneto-volume produced by the magneto-

volume effect in Fe, Tij3_,, clusters.
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Fig. 6. Population of various spin state configurations of Fe,Tij3_, clusters at 300 K, 500 K, and 800 K.
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The moment-volume instability is the reason why the 3d
alloy cluster system exhibits the magneto-volume effect.>°!
This is also illustrated by our above DFT computational stud-
ies. For the magnetic metal cluster system, the existence of
temperature-excited spin metastable state is a necessary con-
dition for the cluster to exhibit the magneto-volume effect. At
the same time, there is a large gap between the volume of
the spin metastable state and the volume of the ground state,
which leads to the obvious magneto-volume effect of the clus-
ter during thermal expansion. To further explore the magneto-
volume effect in Fe, Tij3—,, the energy contour map with re-
spect to the volume and the total magnetic moment is created
in Fig. 8. The density of the contour line reflects the pace of
total energy change. If V7, Vra,, and Vy are regarded as
vectors starting from the ground state point (the intersection
of the M axis and the Vj axis), then V71, V7 ,, and Vs nat-
urally meet the parallelogram law, which can be described by
vector equation

Vrm = Vrm, +Vu. “4)

Hence, the vector diagrams of V7, V7 u,, and V) at 300 K,
500 K, and 800 K are plotted in Fig. 8. In the energy con-
tour map, each point contains the information of the volume,
total magnetic moment and total energy of Fe, Tij3_, clusters,
and the ground state point is the point with the lowest total
energy of the cluster. The physical meaning of the M axis is
that when the total magnetic moment is My, the total energy
changes with the volume, which conforms to the curve of po-
tential energy changing with volume.[®"! For the V; axis, the
density of the contour lines above and below the ground state
point can roughly reflect the population, that is, the change
behavior of the total magnetic moment with the temperature
increasing can be judged by the density of the contour lines
above and below the ground state point. The energy valley
(EV) direction is defined as the convex direction of the con-
tour lines, which is also the direction where the total energy
changes relatively slowly. There are always two EVs along
the My axis. One is from the ground state point along the
positive direction of the volume, and the other is from the
ground state point along the direction of the volume reduc-
tion, but the contour lines along the increasing direction of
volume are sparser. The direction of V7, is the direction in
which the volume increases along the M axis, which is en-
tirely due to volume expansion generated by the anharmonic
interaction between atoms. Without considering the M axis
direction, there will be other EVs in the energy contour map of
Fe, Tij3_, clusters except for Fe;Tig and Fe,Ti, and the vec-
tor V) roughly points in the direction of these EVs from the
ground state point, which indicates that the total magnetic mo-
ment behaviors and magneto-volume behaviors of Fe,Tij3_,
clusters with the temperature increasing are associated with

the direction of these EVs. Vr 3 during the actual thermal ex-
pansion is thus determined by V7 y, caused by the anharmonic
interaction and Vj; caused by the magneto-volume effect.

For Fe;Tig and Fe,Ti;, there are no other EVs in the en-
ergy contour maps without considering the EVs along the My
axis. For Fe;Tig, the contour lines on both sides of the M|, axis
have comparable density and are somewhat dense. So, the to-
tal magnetic moment of Fe;Tig fluctuates around My (10ug)
on heating. Meanwhile, the direction of V), is almost coinci-
dent with the Vp axis, which means the magneto-volume ef-
fect in Fe;Tig is not obvious (i.e., Vs is close to Vy). Fe2Ti;
has a quite similar energy contour map to Fe;Tig. The dif-
ference is that the contour lines in the Fe ,Ti; energy contour
map are extremely dense on both sides of the M axis, caus-
ing the total magnetic moment of Fe|,Ti; always maintaining
My (38up) on heating. Hence, there is no magneto-volume ef-
fect in Fe|,Ti,. For Fe,Tij3_, m=0, 1, 2,9, 11, 13), there
is an obvious EV in energy contour maps without considering
the EVs along the M, axis, and this EV points in the direction
of decreasing total magnetic moment from the ground state
point. Therefore, the total magnetic moment of these clusters
decreases when the temperature rises. The direction of the EV
of Tiy3, Fe Tij» and Fe,Ti| approximately coincides with the
Vo axis, while that of FeqTiy, Feq;Tio and Fe;3 is at a certain
angle to the Vj axis. As a result, the magneto-volume effect
of Tiy3, FeTij, and Fe,Tij; is not obvious on heating, while
that of FegTi4, Fe;Tiy and Fe;3 is obvious. For FegTi7, there
are two EVs in the energy contour map without considering
the EVs along the M axis, and these two EVs are located on
the upper and lower sides of the M axis, and both form a cer-
tain angle with the Vj axis. Thus, the total magnetic moment
of FegTi; fluctuates around the My (6p) with the temperature
increasing, producing an obvious magneto-volume. At differ-
ent temperature, the total magnetic moment change behavior
for FegTiy is diverse. At 300 K, the average total magnetic mo-
ment of FegTi; is larger than M), resulting in V), to be larger
than V. Because the average total magnetic moment of FegTi7
is smaller than Mj at 800 K, V), is smaller than V. The aver-
age total magnetic moment of FegTiy is close to My at 500 K,
so Vi is close to Vj.

After the above discussion, in addition to the FSM-AIMD
calculation, the magneto-volume effect of Fe,Tij3_, clusters
during thermal expansion can also be analyzed through the
energy contour maps. In shorts, in the energy contour maps
(without considering the EVs along the M axis), if there are
no other EVs, or the direction of the EVs coincides with the Vj
axis, the clusters will exhibit an insignificant magneto-volume
effect on heating. If the direction of the EVs is at a certain
angle to the Vj axis, the clusters will exhibit a pronounced
magneto-volume effect with the temperature increasing.
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Fig. 8. The energy contour map of Fe, Tij3_,. The horizontal and vertical gray solid lines represent the M axis and the Vj axis, respectively.
The vector diagrams of V7 v, Vr u,, and Vi at 300 K, 500 K, and 800 K are plotted. A partial enlarged view of the volume vector diagram is

drawn in the upper right corner of (a), (b), (c), and (e).

4. Conclusion

In summary, the ground state and characteristics of
Fe,Tij3—, clusters have been obtained by the first princi-
ples calculations, as well as the volume and the total mag-
netic moment of Fe,Tij3_, at different temperatures. The
main conclusions can be made as follows. (1) The magneto-
volume effect of FegTiy, FegTis, FeTip, and Fe3 is consid-
erable during thermal expansion, while that of Ti;3, Fe;Tijs,
Fe,Tiy, Fe;Tig, and Fe,Ti; is not obvious. (2) The volume
of Fe, Tij3_, clusters during thermal expansion is jointly deter-
mined by the anharmonic interaction and magneto-volume ef-
fect. (3) The shift in the spin state caused by thermal excitation
is a prerequisite for Fe, Tij3_, clusters to exhibit the magneto-
volume effect during thermal expansion. Meanwhile, if the
total magnetic moment of Fe,Tij3_, during thermal expan-
sion is known, the AV), induced by the magneto-volume effect
can be roughly estimated from the AV. (4) Finally, the energy
contour map can be applied to analyze the total magnetic mo-
ment behaviors and volume behaviors of clusters during ther-
mal expansion and determine the magneto-volume effect of
Fe,Ti|3_, clusters.

Our findings highlight the importance of the magneto-
volume effect on the volume change of Fe, Tij3_, clusters dur-

ing thermal expansion, and contribute to a better understand-
ing of the magneto-volume effect mechanism at the cluster
scale. And, it will be feasible to develop controlled thermal ex-
pansion nanodevices using the magneto-volume effect mecha-
nism during thermal expansion.
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