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Abstract

®

CrossMark

We have investigated the intermediate range structure of amorphous Cu,GeTes based on

ab initio molecular dynamics simulations. The highest population of ring size is three, which
makes the triangle structure. This ring consists of mainly Cu,Te. Rings may also consist of
CuCuCu, Cu,Ge, and CuGeTe, where approximately 88% of Cu atoms in the system are
related with the three-membered ring. The second highest population of ring size is five.
Three- and five-membered rings in the amorphous phase originate from six-membered ring in
the crystalline phase. This situation can enhance the phase transition between crystalline and
amorphous phases. In the phase change process, Cu atoms may diffuse in the amorphous state
with changing bonds. The diffusion coefficient of Cu D¢, is estimated to be approximately
0.12 x 1072 m? s~ 1. Such high diffusion coefficient of Cu atoms is contributed from only 10%

of Cu atoms in the amorphous phase.
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1. Introduction

Phase transition materials, which change rapidly between
crystal and amorphous states, attract many scientific inter-
ests because of applications for electronic storage devices.
One of the famous compositions is Ge,Sb,Tes (GST) [1, 2].
Cu,GeSe; (CGT) alloy is also one of phase transition mate-
rials [3, 4]. In order to clarify the phase change mechanism,
many experimental [3—11] and theoretical [9, 12, 13] stud-
ies on the crystalline and amorphous phases were carried out
so far.

It has been reported by the x-ray powder diffraction that the
crystalline CGT has an Imm?2 space group structure consisting
of GeTe4 and CuTey tetrahedral units, both of which are con-
nected by the corner-sharing [5]. J6vari et al studied the static
structure of amorphous CGT using x-ray diffraction measure-
ments (XRD) and the extended x-ray absorption fine structure
(EXAFS) measurements, and also performed Reverse Monte
Carlo (RMC) simulation [6]. They found that coordination
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number of Ge and Cu was 4, which were the same that in
the crystalline state. However, Ge—Ge and Cu—Cu homo-polar
bonds were found in the amorphous state. Kamimura et al par-
formed the x-ray absorption fine structure (XAFS) measure-
ments on crystalline and amorphous CGT [7, 8]. This result is
in good consistent with the result of amorphous state by XRD
and EXAFS [6].

On the other hand, Chen et al carried out ab inito molecular
dynamics (AIMD) simulations to study the local structure of
amorphous CGT based on the density functional theory (DFT)
using the generalized gradient approximation (GGA) [12]. In
this study, it was suggested that the tetrahedral structure con-
sisted of sp® hybridization with lone-pair electron of Te and
without d of Cu. Skelton et al also studied the static struc-
ture and reflectance of crystalline and amorphous CGT using
AIMD [13]. It was suggested that geometry consisting of tetra-
hedral units was important for the phase transition. Densifi-
cation of amorphous is related with the Cu-rich region such
as Cu threefold rings. Although they used the local density
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approximation as well as GGA functionals, these functional
gave almost same structure. In their study, semi-core elec-
trons of Cu and Ge were also taken into account. Kobayashi
et al studied the electronic structure and transport properties
related with phase change phenomena combining hard x-ray
spectroscopy and molecular dynamics (MD) based on DFT
using PBEO hybrid functional [9]. They reported that lone-
pair electrons of Te and 3d electrons of Cu contributed impor-
tantly to the phase transition process. They suggested that the
atomic diffusion of Cu occurred in amorphous CGT, and that
the diffusion was related with the phase transition between
crystalline and amorphous phases. Such diffusion of Cu/Ag in
chalcogenide semiconductors has been also discussed based
on AIMD simulations [14].

These suggested phase change mechanisms of CGT seems
to be different from that of the case of GST. It has been sug-
gested that the crystallization is accompanied by the increase
of ABAB squares (A: Ge, Sb; B: Te) [1, 2]. In other words, it
was suggested that four-membered ring structure played a key
roll in the phase transition. However, such local and/or inter-
mediate range ordering in amorphous CGT is not clear enough.

In this study, we have investigated the static and dynamic
properties of amorphous CGT based on AIMD simulations. In
order to clarify the intermediate range structure of the amor-
phous state, we show pair distribution functions, coordination
numbers, and the result of ring analysis. The atomic diffu-
sion of Cu atoms is also discussed. Our analysis of local and
intermediate range would give better suggestion.

2. Numerical method

The electronic states were calculated using the projector aug-
mented wave (PAW) method [15, 16] within the framework of
DFT, in which the GGA was used for the exchange—correlation
energy [17]. The plane-wave cutoff energies were 20 and
120 Ry for the electronic pseudo-wave functions and pseudo-
charge densities, respectively. Projector functions were gen-
erated 3d104s14po, 4524p24d0, and 5s25p45d0 for Cu, Ge, and
Te, respectively. For telluride materials, it has been suggested
by Micoulaut et al that taking the dispersion correction into
account makes the bond distance and density better even
in bulk systems including amorphous phase [18-20]. There-
fore, Grimme’s empirical correction, DFT-D2 [21], was also
employed in this study.

We used a 144-atom system in a cubic supercell with peri-
odic boundary conditions (PBC). Canonical ensemble was
employed at the number density p = 0.0385 A~3. Tempera-
ture was controlled with Nosé—Hoover thermostat technique
[22, 23]. Molecular dynamics was performed at the timestep
Ar=2.9fs.

In order to obtain the amorphous state, the crystalline struc-
ture was prepared as an initial configuration. For removing the
dependence of crystal structure, we started the simulation at
4000 K during 4.35 ps. An amorphous state was obtained by
cooling step by step from 4000 to 300 K. Furthermore, another
amorphous state was also made to average the former and lat-
ter. The latter amorphous was prepared with additional 2.9 ps
calculation at 4000 K, i.e., 7.25 ps at 4000 K in total. Here
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Figure 1. Static structure factors (a) Sx(k) and (b) S,(k). Sx(k) and
Sn(k) were obtained from using the x-ray form factor and the
neutron scattering length, respectively. The black and red lines show
structure factors of al and a2 amorphous states, respectively. The
black bold line indicates the average of them. The blue circle shows
the result of the experiment [10]. The green line incicates Sx (k) and
(b) Su(k) of a3 amorphous state (see section 3.5).

after we call the former and latter al and a2 amorphous states,
respectively. In the cooling process, cooling rates of al and a2
states were approximately 2.1 and 2.3 x 10'* K s~!, respec-
tively. Physical quantities of our interest were obtained by
averaging 33.4 and 24.7 ps at 300 K for al and a2 amorphous
states, respectively, after 1.45 ps equilibration.

3. Results and discussion

3.1. Static structure factors

Figure 1 shows the static structure factors using (a) x-ray form
factors and (b) neutron scattering length. The black and red
lines indicate those of al and a2 amorphous states, respec-
tively. The black bold line corresponds to the average of
them. Peak and minimum positions of obtained structure fac-
tor Sx(k) are in reasonable agreement with the experimental
result indicated with blue circle [10].

3.2. Pair distribution functions

The black bold lines in figure 2 indicate the average of total and
partial pair distribution functions g(r) and g,3(r) of amorphous
CGT. Black and red thin lines show those in different amor-
phous al and a2 states, respectively. Left-hand side panels, i.e.,
figures 2(a)—(d), indicate g(r) and g..(r), which means par-
tial pair distribution functions between the same type atoms,
respectively. Right-hand side panels, figures 2(e)—(g), corre-
spond to g,3(r) of hetero-type pairs. The blue dashed vertical
lines indicate the half length of supercell.

In figure 2(a), although it looks as if only bold line has
been shown, black and red thin lines are also displayed. To
distinguish g(r) of al and a2 amorphous states easily, the dif-
ference between g(r) of al state and that of a2 state, Ag(r) =
gV (r) — g“P(r), was shown by pink solid line in figure 2(a).
This difference are almost zero except for a small fluctuation at
around first peak position. This fact means that total g(r) does
not depend on the cooling process. On the other correlation
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Figure 2. Pair distribution functions g(r) and partial pair
distribution functions g,s(r) of amorphous Cu,GeTes. Black solid
and red dashed lines correspond to al and a2 amorphous states,
respectively. Black bold line shows the average of them.

functions g,3(r), each first peak position of al state is almost
the same as that of a2 state. However, their heights of the first
peaks of gcucu(7) and geyge(r) are slightly different between
al and a2 states. These differences are probably caused by
the number of atoms (48 Cu and 24 Ge atoms). Furthermore,
gcucu(r) has a small shoulder or long tail up to approximately
3.5 A. This fact supposes the large atomic fluctuation of Cu
atoms (see section 3.4).

Peak positions of first peaks of gcucu(7) and ggece(r) are
2.61and 2.59 A, respectively. The other positions of first peaks
listed in table 1 have a similar value except for that of grere(r),
which is slightly longer than those of others. Additionally,
our grere(r) has a similar profile of grer.(r) obtained by Chen
et al (see their supplementary material [12]). However, the
height of the first peak of grere(7) of ours is rather lower than
that in other experimental [6, 10, 11] and theoretical results
[13]. This discrepancy is probably caused by the difficulty to
determine the constraint, e.g., cutoff distance and bond angles,
in the RMC simulation [6, 10, 11].

In 8 — N rule, the average coordination number should be 4
in this system. In other results, although the coordination num-
bers depend on each cutoff distance, total N = 4.79 [10], 4.08
[6], and 5.06 [13] were reported. Obtained average coordina-
tion numbers N, N,, and N,z of ours are listed in table 1. To
estimate coordination numbers, the cutoff distance r. = 3.2 A
was adopted. This distance corresponds to the position of first
minimum of g(r). As discussed by Skelton et al [13], our coor-
dination number of Cu, Ny, is also larger than 4. In figure 3,

Table 1. Average peak positions, rgﬁ, of first peak of pair
distribution functions and average coordination numbers N, N, and
N,z. The coordination numbers were defined using the cutoff
distance r, = 3.2 A.

Atom 5 (A) N,Ny,Nus
Total 2.64 4.66
Cu 5.96
Ge 4.59
Te 3.82
Cu—Cu 2.61 1.94
Ge-Ge 2.59 0.52
Te-Te 291 0.62
Cu-Ge 2.45 0.62
Ge—Cu 1.25
Cu-Te 2.61 3.39
Te—Cu 2.26
Ge-Te 2.73 2.83
Te—Ge 0.94

which shows distributions of coordination number d,,3(N), Cu
atoms may have large coordination number to other Cu atoms
up to 5, where N¢ycy reaches 1.94. These facts mean that there
clearly exists Cu-rich region. On the other hand, the aver-
age coordination number of Te, N1 is smaller than results
from RMC [6, 10], and is in good agreement with results from
AIMD [12, 13]. Some distributions related with Cu and Ge,
c.g., dcucu(N = 1), dGeCu(N = 0), dGeCu(N = 3), of al amor-
phous state (black line) are slightly different from those of a2
state (red line). This reason is probably the number of atoms.
Althogh for Cu-Te, al and a2 states seems to have differ-
ent peaks of deye(N = 4) and deyte (N = 3), respectively, the
averaged line (bold line with circle) would be more similar to
the bulk amorphous CGT. The other distributions d,3(N) of
al amorphous state are in good agreement with those of a2
states.

3.3. Ring structure

In order to investigate the intermediate structure, it is a suitable
method to employ the ring analysis shown in figure 4(a). The
cutoff distance to define the bond is r. = 3.2 A (see figure 5).
Black and red lines correspond to populations of M-membered
ring P(M) in al and a2 amorphous phases, respectively. The
result drawn with the green line is discussed in the section 3.5.
In our study, the ring size of the highest population is 3,
which corresponds to experimental [10, 11] and theoretical
[12] results. This highest population of ring size 3 in amor-
phous CGT is rather different from that in amorphous GST [1],
where the four-membered ring is the highest population. On
the ring size of the next highest population, however, there is a
difference between the results by Chen et a/ [12] and Stellhorn
etal [10, 11].

Chen et al reported that next highest populations were 5 and
7, and 6 is rather less [12]. On the other hand, ring sizes of the
second highest in experimental [10, 11] and our study were
6 and 5, respectively. From the viewpoint of the phase tran-
sition between crystalline and amorphous phases, it would be
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Figure 3. Distribution d,3(N) of coordination numbers N,z. Bonds
are defined using the cutoff distance r. = 3.2 A. Black and red thin
lines correspond to d,3(N) of al and a2 states, respectively. Black
bold line with circle shows the average of them.

reasonable that the six-membered ring in the crystalline state
changes to three- and five-membered rings in the amorphous
phase schematically by disordering. It may enhance the fast
phase transition. However, too low population of ring size 6
is rather strange because the melt-quench method is adopted,
therefore the ring size 6, which is similar to the crystalline
state, should exist more in the amorphous phase. On the other
hand, our result, where many six-membered rings coexist in
the amorphous, looks better than the previous calculation [12].
This difference of the results would be caused by several rea-
sons, which are system size, dispersion correction, simulation
time at 300 K. 90 atoms in a cubic supercell is rather small to
consider the intermediate range structure. Indeed, the largest
size of ring was 8 in their work [12]. As examples of rings,
snapshots of six- and twelve-membered rings are shown in
figure 5. In these figures, blue, pink, and red balls correspond
to Cu, Ge, and Te atoms, respectively. Blue bold bonds mean
each ring. All bonds in these figures are drawn using r, = 3.2
A. For references, distances between labelled atoms are: (a)
Tel-Cu2 (4.9 A) and Te2—Cul (4.6 A), (b) Te3—Te4 (10.0
A) and Te3-Te5 (10.1 A). We have confirmed the existence
of a few twelve-membered rings, such large sized rings might
be affected by PBC, e.g., M > 10 in reference to the atomic
distance mentioned above.

Figures 4(b)—(d) show the componentratio of M-membered
ring C, (M), which is defined as the following relation:

oY)

CoaM) = ﬁ

100_ \) — al
— a2

(€ average

P(M)

Figure 4. (a) Population of ring sizes P(M). Black, red, and green
solid lines show P(M) of al, a2, and a3 amorphous states,
respectively. Black bold line with open circles indicates the average
of results of al and a2 states. (b)—(d) Component ratio C, (M) in
M-membered ring. Black, red, and green correspond to al, a2, and
a3 amorphous states, respectively. Ring is defined using the cutoff
distance r. = 3.2 A. Blue dashed line indicates the concentration of
Cu, Ge, and Te atoms in the amorphous Cu,GeTes.

Figure 5. Snapshots of (a) six-membered ring and (b)
twelve-membered ring. Blue, pink, and red balls correspond to Cu,
Ge, and Te atoms, respectively. Blue bold bonds mean one of rings.
Bonds are drawn using the cutoff distance r. = 3.2 A.

where n™ is the time-averaged number of a-type atoms con-
sisting of M-membered ring. Numbers n™ were counted in
each ring. Black, red, and green lines correspond to C,(M) in
al, a2, and a3 states, respectively. Blue dashed line indicates
the concentration of Cu, Ge, and Te atoms in the amorphous
Cu,GeTes. In any ring size M, Ccy(M) is higher than the con-
centration of Cu (0.333) in amorphous CGT and Cr.(M) is
lower than that of Te (0.500). Indeed, a Cu-rich six-membered
ring is shown in figure 5(a).
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Table 2. Average population of atoms in three-membered rings
C,(3) and p,.

Atom C.(3) Pa Concentration
Cu 0.625 0.878 0.333
Ge 0.107 0.474 0.167
Te 0.269 0.512 0.500

Furthermore, three-membered ring consists of approxi-
mately 65% of Cu, 7% of Ge, and 28% of Te atoms. Details of
the three-membered ring are Cu, Te [62.3%], CuGeTe [14.5%],
CuCuCu [11.9%], Cu,Ge [8.8%], and CuTe, [2.8%]. CuGe,,
GeTe,, and Ge,Te are less than approximately 1%. GeGeGe
and TeTeTe rings are rarely found in spite of using a little
long cutoff distance comparing with positions of their first
minimum of ggege(r) and grere (7).

Focusing on the contribution of atomic species to the three-
membered ring, there is clear deviation from the concentra-
tion of each species in the material as listed in table 2. The
contribution is defined as the participation ratio p,,

e

Po =
Ny

where n, is the number of a-type atoms in the system.
Although n/¥ is also the number of a-type atoms consisting of
a three-membered ring, which is different from n™=%, n/® is
counted not in each ring but in the whole system. The com-
ponent ratio of three-membered ring C,(3) is also listed in
table 2. On the three-membered ring, although C(T? is rather
lower than the concentration of Te in the alloy, pr. is almost
same as the concentration of Te. On Ge atoms, Cg.(3) is also
lower than the concentration of Ge, however, pg. is three times
higher than the concentration of Ge. On the other hand, both
Ccu(3) and pcy are higher than the concentration of Cu. When
the six-membered ring in the crystalline state is distorted by
the phase transition, it is considered that three types of 3 + 5
rings can appear in the amorphous phase geometrically. They
are CuTeCu (Cu,Te) + CuTeGeTeCu, CuTeGe (CuGeTe)
+ GeTeCuTeCu, and TeCuTe (CuTe,) + TeCuTeGeTe rings.
In amorphous phase, as mentioned above, Cu, Te and CuGeTe
rings exist 62.3 and 14.5%, respectively. However, CuTe; ring
only exists 2.8%), i.e., the last type of 3 + 5 ring is minor than
CuCuCu ring. This is also shown in Cr.(3) = 0.269. Hence,
Cu-rich region appears in the amorphous phase.

3.4. Atomic diffusion of Cu atoms

As described above, the slope of the first peak of gcucu(r)
and other properties suggest an atomic large fluctuation or dif-
fusion of Cu atoms. The atomic diffusion of Cu atoms was
also suggested in the recent study [9]. In figures 6(a) and (b),
square displacements |r;(¢) — r;(0)|* of ith Cu atoms in al and
a2 amorphous states are shown, respectively. For comparison,
those of some Ge and Te atoms are also shown in figures 6(c)
and (d), respectively.

In the superionic material case, for example, Cu or Ag
atoms migrate in superionic phase of Cul or Ag,Se, then, mean
square displacements of them have profiles like linear as a
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— Cu34 — Cu40(\;
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Figure 6. Square displacements of ith atom. Panels (c) and (d) show
square displacements of several Ge and Te atoms in al and a2 states.

function of 7. Although amorphous CGT is not considered as
a superionic material, approximately 10% of Cu atoms have
such large square displacements in this simulation. Here, the
diffusion coefficient of Cu, D¢y, can be estimated from the
slope of mean square displacement of Cu as approximately
0.12 x 102 m? s~ 1.

When the phase transition from amorphous to crystalline
phases occurs, CuTeCuTeGeTe six-membered rings must
appear in the crystal. To make the six-membered rings, Cu,Te
and CuGeTe three-membered rings in amorphous are reason-
able. Although GeTe, ring exists only 2.8%, it is also possible.
While, inconvenient configurations to fast phase transition are
CuCuCu and Cu,Ge, and the sum of them is 20.7% in three-
membered rings. Indeed, pcy and pg. are higher than pre, such
Cu-rich condition is considered as a kind of defect. In order to
solve the defect, Cu atoms would migrate to different sites.
Kobayashi et al mentioned that the diffusion process of Cu
atoms was considered as a bottleneck for the reversibility and
speed of the phase change process [9]. However, it is sug-
gested that the diffusion of Cu is not a bottleneck but makes
the lifetime of amorphous short.

3.5. Dependence of initial configuration and cooling rate

In order to take dependence of initial configuration and cool-
ing rate into account carefully, we carried out another short
simulation. This short simulation was started from the random
initial configuration, not crystal structure. At first, to obtain lig-
uid state, we annealed it at 4000 K with timestep Ar = 0.96 fs
during 1.44 ps (1500 step). In this liquid state, the total and par-
tial pair distribution functions became similar to those started
from the crystalline state soon. Then, a new amorphous state
was obtained with quenching from 4000 to 300 K suddenly,
i.e., estimated cooling rate was about 10'® K s~!. Finally, the
simulation at 300 K was performed with timestep At = 2.9 fs
during 7.25 ps (2500 step). We call the new amorphous state
a3 amorphous state. Physical quantities of a3 amorphous state
were obtained by averaging the last 5.8 ps (2000 step).
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Figure 7. Pair distribution functions g(r) and partial pair distribution
functions g,z(r) of amorphous Cu,GeTes. Black solid and red
dashed lines correspond to al and a2 amorphous states, respectively.
The green dashed line shows pair distribution functions of a3
amorphous state.

Obtained structure factors Sx (k) and S, (k) of a3 amorphous
state are shown in figure 1 with green line. In spite of the short
time averaging, they are in reasonable agreement with those of
al and a2 states. In the point of view of total pair distribution
function g(r) shown in figure 7(a), g(r) of a3 amorphous state
drawn with a green dashed line is in good agreement with those
of al and a2 states. Although the range longer than approxi-
mately 7.8 A would be affected with the periodic boundary
condition, g(r) is similar to each other. On partial pair distribu-
tion functions g,z(r) shown in figures 7(b)—(g), profiles, peak
positions and their heights of g,3(r) of a3 state are basically
similar to those of al and a2 states. However, heights of first
peaks of ggege(r) and geyge(r) of a3 state are lower and higher
than those of the other states, respectively. In the ring analy-
sis shown in figure 4, the profile of P(M) of a3 state (green
line) is also similar to those of al and a2 amorphous states.
While, Ccy(M) and Cge(M) of a3 state are slightly different
from those of al and a2 states. Such differences of ggege(7),
gcuGe(r), Cge(M), and Ccy(M) would be caused by number of
Cu and Ge atoms rather than the initial configuration or cooling
rate.

These facts mean that if CGT is well annealed at high tem-
perature, the structure of amorphous CGT does not depend on
the initial configuration and cooling rate so much, although the
cooling rate is rather fast comparing with experiments.

4. Conclusion

We have investigated the intermediate range structure of amor-
phous Cu,GeTes based on AIMD simulations. The highest

population of ring size is 3, which makes the triangle struc-
ture. This ring consists of mainly Cu,Te. Rings may also con-
sist of CuCuCu, Cu,Ge, and CuGeTe, where approximately
88% of Cu atoms in the system are related with the three-
membered ring. The second highest population of ring size is
5. Three- and five-membered rings in the amorphous phase
originate from six-membered rings in the crystalline phase.
This situation can enhance the phase transition between crys-
talline and amorphous phases. In the phase change process,
Cu atoms may diffuse in the amorphous state with chang-
ing bonds. The diffusion coefficient of Cu D¢, is estimated
to be approximately 0.12 x 10~ m? s~!'. Such high D¢, is
contributed from only 10% of Cu atoms in the amorphous
phase.
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