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Abstract

The phase stability and site preference of Cu in ScCu, Al were studied based on the pair potentials obtained by the lattice inversion
method. The lattice constants of ScCu, Al,  with the contemtere calculated and the results are in good agreement with experiment.
The properties related to lattice vibration, such as the phonon density of states, specific heat and vibrational entropy, were also evaluated
The Debye and Einstein temperatures were used to characterize the acoustic branches and optic branches, respectively. In addition, sevel
simple mechanical properties were investigated.
0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction vibrational entropy, Einstein temperature and Debye tem-
perature were obtained from the calculated DOS. Section 2

In 1997, ScCy Al,_, alloys were obtained for the first introduces the calculation methodology. Section 3 shows
time by Suski et al. [1]. These materials exist as single- the calculated results of site preference by the energy
phase materials for the composition ranges ¥=6.15. criterion. Section 4 calculates the lattice constants. The
They crystallize in the tetragonal ThMn -type structure, results were compared with experimental data and the
which belongs to thé4/mmm space group (Fig. 1). There agreement is good. Sections 5 and 6 give the bulk
are 26 atoms (two molecules) per unit cell. Sc atoms modulus, the phonon spectra and relevant properties of
occupy 2 sites, Cu and Al atomsf88j and 8 positions. ScCy Al,_, , the structures of which were determined as
Experimentally, the site occupancies of the atoms in in Section 4.

ternary compounds of rare earths are investigated mainly
by X-ray powder diffraction [2-5], Mossbauer spectros-
copy [6] and neutron diffraction [7—9]. The atomic dis-
tribution can also be deduced from empirical laws such as
the atomic radius, atomic magnetic moment and formation
enthalpy [10—12]. In this work, the preferential occupation
of Cu in ScCy Al,_, alloys was evaluated by the inter-
atomic potentialsls._s{r), Ps._clf), L sc_Af): P cu-dL):
Dey_a(r) and @,_,,(r) obtained using Chen's lattice
inversion method [13-16]. The results show that it is a
simple and effective method for exploring the site prefer-
ence in complex systems. In addition, the phonon density
of states (DOS) of ternary rare earth intermetallic com-
pounds with ThMn, -type structure is presented with the
relevant potentials for the first time. The specific heat,
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2. Methodology Table 1
The potential parameters acquired by the inversion method
In the early 1980s, Carlsson et al. initially proposed an Potential types R, (A) D, (eV) a
inversion technique for obtaining the parameter-free pair gc_g¢ 3.4997 0.4465 1.1812
potential [17]. However, the expression for their pair cu-Cu 2.5953 0.4952 2.0266
potentials includes infinite summations, each of which Al-Al 3.0059 0.4232 1.4836
contains infinite terms. This made it inconvenient for S¢—Cu 3.1252 0.5124 1.3686

. . . Sc-Al 3.3507 0.4608 1.2083
analysis. In the mid-1990s, Chen et al. proposed a concise,_y 2 8654 0.4100 16117

inversion theorem to avoid the above shortcomings [13—
16].

2.1. Lattice inversion method Incorporation) were performed on the basis of an aug-
mented spherical-wave method [22-25] within the local

Chen’s inversion theorem has been applied successfullydensity functional theory. The cohesive energy is obtained

to study the field-ion microscopy image of fe Al analysis from

[14,18], the site preference of ternary additions in, Ni Al _

and Fg Al [19,20], and the lattice dynamics of zincr;%blend- E() = B0l — Eiol(*) (6)

type binary compounds [21]. For the readers’ convenience, A series of functionsE(x) are calculated with various

a brief introduction to this lattice inversion method is given |attice constants at equal intervals of 0.1 A. In each case,

below. for generating the total energy, more thank8points in an
Suppose that the crystal cohesive energy can be ex-jirreducible Brillouin zone are taken into account in a
pressed as the sum of interatomic pair potentials: self-consistent calculation. The data are then fitted on the
* basis of Rose functions [26]. The obtained pair potential
EX) =3 nzl ro(n) @[by(N)x] (1) can generally be described by the Morse function:

where x is the nearest-neighbor distancg(n) is the P(R) = Dofexp[-2a(R— R,)] — 2 exp[-a(R— Ry} (7)

coordination number of theath neighbor,b,(n)x is the . .
distance of thenth neighbor,b,(1) = 1. The seriegb,(n)} whereR is the distance between two atoms, @yj «, and

can be extended into a multiplicatively closed semi-group R, are paramete_rs. Th? pqt_e nt|_a : parar_neters are listed in
{b(n)}. In {b(n)}, for any two integersn andn, there exists Table 1. '_I'o prowd_e an intuitive impression, the calculated
a sole integerk satisfying b(k) = b(m)b(n). Then Eq. (1) interatomic potentials are shown in Fig. 2.

can be written as

o 2.3. Calculation method for DOS and thermodynamic
EQ) =1 > r(n)@[bn)X] (2)  parameters
n=1
where In the harmonic approximation of the lattice dynamics,
1 _ the secular equation of the lattice vibrations can be written
= {ro<bo (b)) i b(n) € {b ()} @ e
0 if b(n) & {b,(n)}

and the pair potential from inversion can be written as

P =2 2 1VELbN] (4)

wherel(n) is determined by

> I(n)r<b‘l[%]) =8, (5)

b(m)|b(k)

Pair Potential(eV)

I(n) is related only to the crystal geometrical structure, not
to a concrete element category, i.f#(n)} is uniquely
determined by{r,(n)} and{b,(n)}.

2.2. Acquisition of the cohesive energy curve 0.6 T

In this work, the total energy ab initio calculations
(ESOCS 4.0 program provided by Materials Simulation Fig. 2. Potentials of Sc—Sc, Sc—Cu, Sc—Al, Cu—Cu, Cu-Al, and Al-Al.
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dquaB,k/d,(q) - w26aB5KM| = 0 (8)
where w is the angular frequency arglthe wave vector.
D,s(0) is a dynamical matrix and its elements are written
as

Dopson = (MM, 2, 5, X1 (R ~R))

1

(9)
whered,, ;. ;, is the force constanR;, R; are positions in
theith andjth cell, andk, u represent different atoms in
the same cell. Using the interatomic pair potential, the

force constant can be expressed as

lpaﬂ,\k,m:
1/RRs | Rs 1., -
2\ PR~ PR PR, ) TR#O
2 P2 2 P fR=0R =R,1,=1,)
KAp i K

(10)

whereR=|R|=|R, —R; +r,—r,], 1, r, are the relative
positions of the different atoms in the same cél, (R) is
the pair potential between theh and wth atoms, andp’
and ¢” are the first and second derivative &f respective-
ly.

The phonon dispersiow(q) is given by Eq. (8). Then
the density of stateg(w) can be acquired frorm(q). The
specific heat and vibrational entropy can be written as

w/kBT)Z eﬁw/kBT
(ehw/kBT _ 1)2

Cy(T) = 3Nk, J t 9(@) do (11)

T CV ,
T) =J # ar’ (12)

In the conventional Debye model, the Debye tempera-
ture @, can be defined bfiw,, = kg 6,. The specific heat
can be written as

Op/T

x* e
C, = 3Nkg(T/6y)* f @17 dx (13)
0

Similarly, in the conventional Einstein model, the
Einstein temperaturé. can be defined byiw, = k0.
The specific heat can be expressed as

O/T

C, = 3Nk (6. /T)? (14)

(e(~)E/T _ 1)2

where N represents the number of atoms in each cell.
There are three acoustic branches arid-33 optical
branches. Conventionally, in the Debye model, is
determined by

43

®m

f 9(w) dw = 3N

0

that is, the integral is performed in the complete phonon
density of states. In fact, the Debye model was initially
proposed for approximating the low-temperature properties
of materials. It essentially does not reflect the high-fre-
qguency properties of materials. Therefore, the Debye
model is used for acoustic branches [27]. In this approxi-
mation, it only represents the contribution from the acous-
tic branch, i.e.[;™ g(w) dw = 3. In the same way, the
Einstein temperature characterizes the optic branch for
higher temperature; in other words, the newly defined
Debye temperaturé),,, is determined only by the acoustic
branches and the Einstein temperatég. by the optic
branches of the lattice vibration instead of the complete
phonon spectra. In this case, the specific heats corre-
sponding to6),,, and 6, can be expressed as

Oup /T
s x* &
Cy =% (T/6,p) a2 X (15)
AR Cll))
and
O/ T
C, = (3N — 3)k; (B, /T)? (16)

(e@ME/T _ 1)2

3. Site preference in ScCu,Al,,_,

Based on the above formulism, we may evaluate the site
preference in ScCu A}_, . For convenience, let us first
consider ScA|, . Despite the structure of SgAl being
metastable, it can be considered as the intrinsic structure of
ScCuy Al,,_, . In the calculation the long-range interaction
and coordination relations of atoms are considered. As a
sample system we chose (SgAl,;) as the crystal cell with
periodic boundaries in order to reduce statistical fluctua-
tions, and we introduce relaxation governed by the inter-
action of pair potentials, using the conjugate gradient
method with a cut-off radius of 14 A. Within the com-
position rangex < 4, the Cu atoms randomly occupy, 8j
and & sites. The crystal energy is the average of 100
samples and is shown in Fig. 3. This clearly shows that the
cohesive energy is lowest when Al atoms at thaigs are
replaced by Cu withik < 1. In the range & x <4, the
cohesive energy decreases when theis are occupied
by Cu, while it increases when Cu occupies theaBd §
positions with increasing Cu content. In the range =<
4 the cohesive energy is lower when Cu atoms are
substituted for Al on the f8sites rather than for Al on the
8j and 8 sites. This indicates that the Cu atoms pref-
erentially occupy the 8sites based on energy considera-
tions when x is within 1 and 4. This accords with
experiments on several rare earth compounds [2,7,28,29].
In the composition rangex>4, four Cu atoms have
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Fig. 3. Site preference of Cu in ScCu Al
Table 2
Calculated cohesive energy of ScCu, Al after relaxation
X 0 4 4.85 5.5 6.15
Energy (eV/atom) —3.560 —3.652 -3.674 -—-3.690 -—-3.707

already occupied thef&ites based on the above analysis,
so the remaining Cu atoms can only occupy theoB8§

sites. The calculated cohesive energy is shown in Fig. 3

when Cu atoms occupyi,88j and 8 + §j sites, respective-
ly. The energy increases witk when the 8 sites are
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4. The stability of ScCu,Al,

In the calculation procedure, the initial lattice constants
of the metastable Scq] are randomly chosen in a certain
range. Under the influence of the interatomic potentials,
energy minimization is performed using the conjugate
gradient method. The results show that the space group is
[4/mmm within a tolerance of 0.001-0.1 A. The tolerance
ranges indicate the atomic derivation distance, which can
be viewed as the errors in the process of determining the
space group of the compound. The lattice constants after
stabilization ara=9.243 A,c=5.252 A,a = B =y =90°
(Table 3). The presence of a certain amount of randomness
of the initial structure and the stability of the final structure
illustrate that ScAl, has a topological invariability with
respect to the stable ScCu Al . We applied a similar
procedure to ScCu Al . The lattice constants after stabili-
zation are a=9.075 (A, c=4.956 TA, a=B=y=9C
(Table 4). The ThMp, -type structure is retained and the
lattice constants are in good agreement with experimental
results after relaxation. It also demonstrates that the
interatomic pair potentials are reliable for the study of the
structural characteristics of materials.

According to the results for site preference, the lattice
constants for ScCu Al_, X(=4) were calculated when

theit®s are randomly occupied by Cu atoms besides the
four Cu atoms occupying thef 8sites. The calculated
results are the average of 100 samples and are shown ir

Table 5 together with those for SgAl  and the experimen-

tal data. From Table 5, one can see that our results for

occupied by Cu atoms and remains constant when the 8 ScCy, Al,,_, k=4, 4.85, 5.5, 6.15) are in agreement with

and § sites are occupied at the same time. The energy
decreases almost linearly when the Cu atoms are substi-

tuted for Al atoms at the j8sites. The results agree with
experiment [29]. Therefore, wher>4, the Cu atoms
occupy § sites. The cohesive energies with different Cu
content for ScCy Al,_, are listed in Table 2 according to
the site preference.

experiment. The calculated lattice constants are smaller
than those gf ScAl . The largest devii®d.84%,
while that ofis 1.02%. The calculated parameter is
larger than the experimental value, whikesmaller. The
error can be explained by the fact that the structures of
these single-phase materials with, . ThMn -type structure
display a slight orthorhombic distortion [1]. In addition, it

Table 3

Crystal constants of ScAl

Initial states Final states

a, b, ¢ o, B,y Space a, b, c a By Space

(A) (deg) group (A) (deg) group
2.5,25,1.25 90, 90, 90 14 /mmm 9.243, 9.243, 5.252 90, 90, 90 14/mmm
18, 18, 10 90, 90, 90 14/mmm 9.243, 9.243, 5.252 90, 90, 90 14 /mmm
9,95 80, 70, 130 P1 9.243, 9.243, 5.252 90, 90, 90 14 /mmm
2.5,25,1.25 50, 50, 50 C2/m 9.243, 9.243, 5.252 90, 90, 90 14/mmm
15, 15, 7.5 110, 90, 80 P1 9.243, 9.243, 5.252 90, 90, 90 14 /mmm
3,3 4 120, 80, 70 P1 9.243, 9.243, 5.252 90, 90, 90 14 /mmm
16, 9.5, 10 70, 80, 110 Pl 9.243, 9.243, 5.252 90, 90, 90 14/mmm
3,12, 7 80, 80, 70 P1 9.243, 9.243, 5.252 90, 90, 90 14 /mmm
16, 6.5, 4 70, 70, 70 P1 9.243, 9.243, 5.252 90, 90, 90 14/mmm
3,4, 10 80, 80, 65 Pl 9.243, 9.243, 5.252 90, 90, 90 14/mmm
14, 15, 8 80, 95, 130 P1 9.243, 9.243, 5.252 90, 90, 90 14 /mmm
20, 20, 20 75, 50, 85 C2/m 9.340, 9.254, 15.384 25.5, 63.4, 60.5 C2/m
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Table 4
Crystal constants of ScGu Al
Initial states Final states
a, b, c a, B,y Space a, b, c a, By Space
(A) (deg) group (A) (deg) group
25,25,1.25 90, 90, 90 14/mmm 9.075, 9.075, 4.956 90, 90, 90 14/mmm
18, 18, 10 90, 90, 90 14/mmm 9.075, 9.075, 4.956 90, 90, 90 14/mmm
9,9,5 80, 70, 130 P1 9.075, 9.075, 4.956 90, 90, 90 14/mmm
25,25,1.25 50, 50, 50 c2/m 9.075, 9.075, 4.956 90, 90, 90 14 /mmm
15, 15, 7.5 120, 90, 70 P1 9.075, 9.075, 4.956 90, 90, 90 14/mmm
3,34 140, 80, 70 P1 9.075, 9.075, 4.956 90, 90, 90 14/mmm
16, 9.5, 10 70, 80, 110 P1 9.075, 9.075, 4.956 90, 90, 90 14/mmm
3,12, 7 80, 80, 70 P1 9.075, 9.075, 4.956 90, 90, 90 14/mmm
16, 6, 4 70, 70, 70 P1 9.075, 9.075, 4.956 90, 90, 90 14/mmm
3,4, 10 80, 80, 65 P1 9.075, 9.075, 4.956 90, 90, 90 14/mmm
14, 15, 8 80, 95, 130 P1 9.075, 9.075, 4.956 90, 90, 90 14/mmm
20, 20, 20 55, 55, 50 C2/m 15.281, 16.916, 13.087 47.4,62.2, 48,5 P1
can be seen from Fig. 3 that, when the content of Cu is Table 6 .
small, the cohesive energy is lowest when thesies are ~ Elastic constant€; and bulk moduli for ScCu Al,_,
occupied by Cu, which may suggest that tliesiBes are the  Material Elastic constant<;; (GPa) Bulk
majority sites for Cu, but a small proportion of 8r § modulus
sites are also occupied by Cu. This was proposed in Refs. Cu Cw Cu Coo Cus Co (GPA)
[7,28] for experiments with rare earth compounds. In our ScCuy, Al 307 61 92 300 74 54 1556
calculations, the structure of ScCu,Al,  is assumed to be SCClssAl-us 820 67 97 316 78 56 1635

. X . ScCy Al,; 330 71 100 329 8 57 169.7
an ideal ThMn, -type structure. This assumption may ScCy AL, 342 77 103 342 87 59 1766

result in a deviation of the calculations from experiment.

5. Elastic properties of ScCu,Al,_, 6. Phonon density of states of ScCu,Al,
Generally, the mechanical properties of these com-
pounds can hardly be measured experimentally because of
their brittleness. It requires a huge computer capacity to
calculate them by an ab initio method due to their complex
structure, even for the simplest mechanical properties. In
this work we evaluated the elastic constants and the bulk

moduli of ScCy Al,_, k=4, 4.85, 5.5, 6.15) from pair
potentials. The results are listed in Table 6.
From Table 6, one can see that the components of the

It can be inferred from the above calculations that the

site preference and lattice constants of,ScCu Al evalu-
ated using the interatomic pair potentials agree well with
experiment, which demonstrates that the potentials are
reliable. Therefore, these potentials can be applied to
calculate the lattice dynamic properties of ScCu Al

elastic modulus increase with the Cu content and the bulk 180
moduli also increase almost linearly for ScCu, A, (Fig. —m—ScCuAl,,
X =X o
4). 175 -
©
% 170
Table 5 § w
Comparison between the calculated and experimental lattice parameters 5
[1] a andc for ScCy Al,,_, é 165
|}
X a c §
Calc. Exp. Err. Calc. Exp. Err. 160
(A) (A) (%) (A) (A) (%)
0 9.243 - - 5.252 - - 1864
4.0 9.075 8.656 4.84 4.956 5.000 0.88 T T T T T T T . T
4.85 8.990 8.642 4.03 4.935 4.986 1.02 4.0 45 5.0 5.5 6.0
55 8.927 8.612 3.66 4.920 4.966 0.93 Content of Cu
6.15 8.863 8.583 3.26 4.906 4.952 0.93

Fig. 4. Bulk modulus of ScCu Al_, .



46 Y.-m. Kang, N.-x. Chen / Journal of Alloys and Compounds 349 (2003) 41-48

6.1. Calculated results of phonon density of states for 06

SCCuAlg 05 l \ —k— Al-Al
0.4 4 —O0— _
In this subsection, we calculate the phonon density of 03] 3 —w—gi-ﬁl
states about ScGu Al in the crystal cell S¢Al including 1
26 atoms. Fig. 5 shows the results of considering the 3 . 1 R
contribution to the DOS of distinct atoms, including Al g 00 ] \ \
atoms at different crystalline sites. It can be seen that the g 0] \* \ o
highest frequency of ScGu Al is 12.90 THz and there are ¢ | \ Py
four apexes around 4.2, 6.2, 7.9 and 10.0 THz, respective- & **] {,\ \ */*;i/*/
ly. For two localized modes the frequencies are higher than ~ °°7 g " " o]
10.5 THz. The ratio of the modes excited by Sc, GuAB 04 gre——_
and g Al is 1:4:4:4 in the total frequency range. However, 057
Sc only contributes to the modes below 7 THz. In the R UMUMUMUMUMUMUMUSUSUMUSUMUMUMUSUUUUSIUSS
22232425262728293.03.1323334353.63.7383.94.041

range 0—4.9 THz, the largest contribution is made by Cu,
while in the range 5-8.5 THz, that of Al at thé 8ites is .
larger than that of the others, and the contribution of Cu is ~ Fig- 6. Enlarged diagram for part of Fig. 2 with 22X =4.15 A.
not different from that of Al at the j8sites. Between 8.5

and 10.5 THz, the modes excited by Al at theghd §

sites, almost equal, are much larger than those excited by

Cu atoms. It should be noted that, in the higher frequency 6.2. Secific heat, vibrational entropy, Debye

range 10.5-12.9 THz, the modes are mostly causedj by 8 temperature and Einstein temperature of ScCu,Al,

Al, and the ratio of the contribution from Cuj 8l and §

R(A)

Al is approximately 4:1:22. The specific he@, (T), the vibrational entropy§(T),

One can analyze qualitatively the localized modes from the Debye tempei@f({9, 6,,,(T), and the Einstein
interaction potentials by only considering the nearest temper@lL (), 6,,.(T) of ScCuy, Al; can be calculated
neighbors in Fig. 2. The distances between thal8&tom based on Egs. (11)—(16). The results are shown in Figs.
and the nearest four Cu atoms, twpAl, two 8i Al and 7-10, respectively. It can be observed from Figs. 7 and 8
eight Sc atoms are 2.60, 2.77, 2.78 and 3.16 A, respective- that the specific heat and vibrational entropy are mainly
ly. From Fig. 6 it can be seen that Cu reacts more strongly contributed from acoustic phonons at lower temperature
with the nearest neighboij &l atoms than with the iBAI and by optical phonons at higher temperature. Figs. 9 and
atoms. We may assume that the Cu atom is motionless due 10 give the Debye temperature and Einstein temperature o
to its large mass relative to Al. Then thg 8l atom, ScCy A} . The Debye temperature at near 0 K and the
restricted by Cu in the Cu—Al potential well, with light Einstein temperature at about 500 K are indicated in the
mass shows local modes and corresponds to higher trans- figures. Conventionally, both the Debye temperature anc
verse frequency. the Einstein temperature are obtained from global phonon

spectra, and the former is always higher than the latter. In

700
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."§
g 500 o84 T e
.‘é
8 4004
@ 0.6 -
e =
N4
K 300+ %
E 3’ 0.4
o .
200 -] = = = Acoustic
—--= Optic
100 024
04 0.0 T T T T T T T
0 0 50 100 150 200 250 300 350 400
Frequency(THz) Temperature(K)

Fig. 5. Phonon density of states of SgCu,Al . Fig. 7. Specific heat of ScGu Al .
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Fig. 9. Debye temperature of ScCu Al .

7. Conclusion and discussion

This research applies the lattice inversion method to
obtain the interatomic potentials related to rare earth
compounds based on first principle calculations, which
does not rely on experimental data. The site occupancies
were calculated according to these potential parameters. It
shows that the cohesive energy of S¢Cu, Al is much lower
than that of ScAl, when the Cu atoms occupy dlis8es.
This can explain the existence of stable SgCuy,A]
phases whex is equal to or slightly larger than 4.0. The
calculated lattice constants for ScCu,Al,  agree with the
experimental data within a relative error of about 4%. In
addition, we have also utilized the same potential parame-
ters to evaluate the phonon density of states of ScCu Al ,
and obtained its vibrational entropy, Debye temperature
and Einstein temperature. This provides some information
on the vibrational properties of rare earth compounds,
which are difficult to calculate and measure due to the low
symmetry of the complex structure and the necessity of
involving many parameters in other approaches. On the
other hand, with the simplified calculation model em-
ployed in this research, it is difficult to solve problems
such as the solubility and occupation fraction, because it
only includes the energy and other factors and does not
contain, for example, the temperature.
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characterize the lattice vibration acoustic branches and
optical branches, respectively, i.e. the former is calculated

only from acoustic phonons and the latter only from References

optical phonons. The calculated results ensure the Einstein
temperature is higher than the Debye temperature.
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