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We present three 16-atom special quasirandom struct®®@s’y for A;_,B, bcc substitutional alloys at
compositionsx=0.25, 0.50 and 0.75, respectively. The structures possess local pair and multisite correlation
functions that mimic those of the corresponding random bcc alloy. The introduction of these SQS’s allows for
the possibility of first-principles calculations of bcc solid solutions, even those with significant size-mismatch
or atomic relaxation. We have tested our SQS’s via first-principles calculations in the Mo—Nb, Ta—W and Cr-Fe
systems, in which the bcc solid solution is observed to be stable over the whole composition range. Our
first-principles SQS results provide formation enthalpies, equilibrium lattice parameters and magnetic moments
of these bcc alloys which agree satisfactorily with most existing experimental data in the literature. In an effort
to understand the atomic relaxation behavior in bcc solid solutions, we have also investigated the nearest
neighbor bond length distributions in the random bcc alloys. The proposed bcc SQS’s are quite general and can
be applied to other binary bcc alloys.
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I. INTRODUCTION such local atomic relaxations have been shown to signifi-

First-principles calculations based on density functiona®@nt!y af_f(gct their  thermodynamic  and  electronic
theory* are now routinely used to predict the thermodynamic,proPert'6§ _ _ ,
structural, magnetic, electrical, and optical properties of a The concept of special guasirandom SruCtUBRS'y
wide range of materials. These methods are truly predictivi/aS Proposed by Zungest al>"~to overcome the limita-
since only atomic numbers and crystal structure informatior’i'ons_Of mean-field th?‘o“es’ _but wlthout the prohl_bmve com-
are needed as input. As many of these methods rely on tHutational cost associated with directly constructing Iarge Su-
construction of cells with periodic boundary conditions, thePeCellS with the random occupancy of atoms. SQS’s are
calculations are fairly straightforward for perfectly-ordered specially designedsmall-unit-cell periodic structures with

Co . R only a few(2-16 atoms per unit cell, which closely mimic
stoichiometric compounds. However, the situation is MOTShe” most relevant, near-neighbor pair and multisite correla-
complicated when treating disordered solid solutions.

i . tion functions of the random substitutional alloys. Since the
One way to treat random4A,B, solid solutions would be y

SQS approach is not a mean-field one, a distribution of dis-
to construct a large supercell and randomly decorate the NOghc |ocal environments is maintained, the average of which

lattice with A and B atoms. Such an approach would necesgqrresponds to the random alloy. Thus, a single DFT calcu-
sarily require very large supercells to adequately mimic thgation of an SQS can give many important alloy
statistics of the random alloy. Since density functional methpropertied 9 (e.g., equilibrium bond lengths, charge trans-
ods are computationally constrained by the number of atomger, formation enthalpies, ejavhich depend on the existence
that one can treat, this brute-force approach could be conbf those distinct local environments. Furthermore, since the
putationally prohibitive. Hence, researchers have searche8QS approach is geared towards relatively small-unit-cells,
for more elegant theories to treat a disorder, often in an avessentially any DFT method can be applied to this approach,
erage or mean-field sense: The coherent potentidhcluding full-potential methods capable of accurately cap-
approximatiod (CPA) is such a mean-field approach which turing the effects of atomic relaxation.

treats random A, B, alloys by considering the average oc- The SQS approach has been used extensively to study the
cupations of lattice sites by A and B atoms. The dependencirmation enthalpies, bond length distributions, density of
of properties on thécal environments surrounding atoms is states, band gaps and optical properties in semiconductor
therefore not treated explicitly in CPA. However, in a realalloys34° They have also been applied to investigate the
(non-mean-fielgrandom alloy, there exists a distribution of local lattice relaxations in size-mismatched transition metal
local environmentsge.g., A or B surrounded by the various alloys~"1% and to predict the formation enthalpies of Al-
A, Bs_m, coordination shells witm between 0 and 8 in bcc based fcc alloy$! However, to date, all the applications of
alloys), resulting in local environmentally-dependent quanti-the SQS methodology are for systems in which the substitu-
ties such as charge transfer and local displacements of atortienal alloy problem is fcc-basede.g., fcc-based metals,
from their ideal lattice position.’ Experimental obser- zinc-blende-based semiconductors, or rock-salt-based ox-
vation$ also show that, even in random, AB, solid solu- ides. No SQS'’s for the bcc structure exist in the literature.
tions, the average A—A, A—B and B-B bond lengths are genTherefore, in this work, we develop three SQS’s for binary
erally different. In size-mismatched semiconductor alloysbcc alloys at compositiong=0.25, 0.50 and 0.75, respec-
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tively. We demonstrate the usefulness of the present SQSiseighbor. However, fox=0.75, no SQS-16 structures satisfy
by applying them to the Mo—Nb, Ta—W and Cr—Fe systemsthis criterion. Therefore, we instead chose a structure whose
in which the bcc structure is known to be stable over thepair correlation functions are identical to the random alloy up
whole composition range. We also compare the predictetb the fourth-nearest neighbor. The other SQStructures
formation enthalpies, equilibrium lattice parameters andwvith N=2, 4 and 8 atoms per unit cell were generated using
magnetic moments of the bcc alloys with the existing experi-an analogous approach. Of course, in general, the smaller the
mental data in the literature. unit cell SQSN, the fewer pair correlations that match those
of the random alloy.
The lattice vectors and atomic positions of the obtained
Il. GENERATION OF SPECIAL QUASIRANDOM SQSN structures in their ideal, unrelaxed forms are given in
STRUCTURES Table I, all in Cartesian coordinates. The definitions of the
multisite figures considered here are given in Table Il. In
Table 1ll, the pair and multisite correlation functions of the
SQSN structures presented in Table | are compared with
%hose of the corresponding random alloys. We also give an
estimate of the errors due to periodicity, estimated as

For a binary A_,B, substitutional alloy, many properties
are dependent on theonfiguration or the substitutional ar-
rangement of A and B atoms on the lattice type. Thes
configurationally-dependent propertiesuch as the energy
can be characterized very efficiently by a “lattice algel5r&”: P _ _ _
Pseudo-spin variables are assigned to eachSite;1(+1) it~ >me1(llom=(2x=1)»)? over the first four neighbor pairs.
an A (B) atom sits at sitd. We further define geometric These errors are also_ shown in Table IIl, and they rapidly
figures, f, symmetry-related groupings of lattice sites, e.g.,decrease with increasiny. We note that the SQS-struc-
single site, nearest-neighbor pair, three-body figures, etdures forx=0.25 are obtained simply by switching the A and
mum distance of (m=1,2,3..., are thdirst, second and ng all of the spin variables b — -, all even-body cor-
third-nearest neighbors, etcBy taking the product of the relations are eqw_valent_ fax=0.25 andx_:0.75, while all
spin variables over all sites of a figure, and averaging over afpdd-body correlations simply change sign. Thus, the three-
symmetry-equivalent figures of the lattice, we obtain the corP0dy figures are largely responsible for asymmetries in the

relation functionslIy ,.>* For the perfectly random A,B, formation energies betweer0.25 andx=0.75.

bcc alloys, there is no correlation in the occupation between In all present calculations, unless specifically noted, we
ys, P use the 16-atom SQS’s to represent the random bcc alloys.

various sites, and therefol&, , simply becomes the product The extent to which they match the random alloy correla-
of the lattice-averaged site variable, which is related to thgjgns is comparable to those of the existing 16-atom SQS'’s
composition by(S)=2x~-1. Thus, for the perfectly random for the fcc structure, which reproduce the pair correlation
alloy, the pair and multisite correlation functioh ,, are  functions of perfectly random fcc alloys accurately up to the
given quite simply a$[_lk e=(2x=1)K, seventh-nearest neighbonatO.S_ and t'hir_d-.nearest neighbor

! at x=0.75!" SQS-16 forx=0.5 is a triclinic-type structure

The SQS approach amounts to finding small-unit-cell or o o |
- T with space grougPl (space group No. 2 in the Internationa
dered structures that posseb m)sqs= (Ilmg for as many Tables of Crystallography and SQS-16 forx=0.75 is a

figures as possible. Admittedly, describing random alloys bymonoclinic-t e structure with space groGm (space grou
small unit-cell periodically-repeated structures will surely in- yp P grotm(sp group

. o No. 8 in the International Tables of Crystallograph$Their
troduce erroneous correlations beyond a certain distance, . o ) o
) ) ; : ictures are also given in Fig. 1 in their ideal, unrelaxed

However, since interactions between nearest neighbors afe
: . . orms.

generally more important than interactions between more
distant neighbors, we can construct SQS'’s that exactly repro-

duce the correlation functions of a random alloy between the
first few nearest neighbors, deferring errors due to periodic-  First-principles calculations were performed using the
ity to more distant neighbors. . plane wave method with  Vanderbilt  ultrasoft

In the present study, we have generated various BQS-pseydopotential¥,5 as implemented in the highly-efficient
structuregwith N=2, 4, 8 and 16 atoms per unit cefor the  \jenna ab initio simulation packaggVASP).1617 We used
random bcc alloys at compositior=0.50 and 0.75 using the  the generalized gradient approximatiéBGA)!8 since we
gensgs code in the Alloy-Theoretic Automated Toolkit have included Cr—Fe in our list of systems to test the SQS's:
(ATAT ).'? For each compositior, our procedure can be de- The |ocal density approximatioLDA) is known to incor-
scribed as follows(1) Usinggensgswe exhaustively gener- yectly predict the ground state of Fe to be a nonmagnetic
ate all structures based on the bcc lattice viltfatoms per  c|ose-packed phase, whereas GGA calculations correctly pre-
unit cell and compositiox. (2) We then construct the pair gict the ground state to be the ferromagnetic bce phghe
and multisite correlation functiond, , for each structure. k-point meshes for Brillouin zone sampling were constructed
(3) Finally, we search for the structugs) that best match the using the Monkhorst-Pack scheffand the total number of
correlation functions of random alloys over a specified set ok-points times the total number of atoms per unit cell was at
pair and multisite figures. We obtained the SQS-16 structuréeast 6000 for all systems. A plane wave cutoff endegy of
for x=0.5 by requiring that its pair correlation functions be 233.1, 235.2 and 296.9 eV were used for the Mo—Nb, Ta-W
identical to those of the random alloy up to the fifth-nearestand Cr—Fe system, respectively. All calculations include sca-

Ill. FIRST-PRINCIPLES METHODOLOGY
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TABLE |. Structural descriptions of the SQ$structures. Lattice vectors and atomic positions are given
in Cartesian coordinates, in units af the bcc lattice parameter. Atomic positions are given for the ideal,

unrelaxed bcc sites.

x=0.5

x=0.75

SQS-16 Lattice vectors
a;=(-0.5,-1.5,-2.5,4,=(-0.5,2.5,1.%
a;=(1.5,0.5,-0.5
Atomic positions
A-(0.0,0.0,-2.0,A-(0.5,1.5,-0.5
A-(1.0,0.0,-2.0,A-(0.5,0.5,-0.5
A-(0.5,-0.5,-2.5,A-(-0.5,1.5,-0.5
A-(0.0,2.0,0.0,A-(0.5,2.5,0.5
B-(1.0,2.0,0.0,B-(-0.5,0.5,-1.5
B-(1.0,1.0,-1.0,B-(0.0,1.0,0.0
B-(0.5,1.5,-1.5,B-(0.0,1.0,-1.0
B-(0.0,0.0,-1.0,B-(0.5,0.5,-1.%
4,=(0.5,0.5,-1.5,a,=(1.5,0.5,-0.5
4;=(0.0,-2.0,0.0
A-(2.0,0.0,-2.0,A-(0.5,-1.5,-0.5
A-(1.0,-1.0,-1.0,A-(1.5,-0.5,-1.%
B-(2.0,-1.0,-2.9,B-(0.5,-0.5,-0.5
B-(1.0,0.0,-1.9,B-(1.5,0.5,-1.%
4,=(-0.5,0.5,0.5,a,(0.0,-1.0,1.0
4;=(1.5,0.5,0.5
A-(0.5,-0.5,1.5,A-(1.0,0.0,1.0
B-(0.0,0.0,1.0,B-(1.0,0.0,2.0
a;=(-0.5,0.5,-0.5,4,=(-0.5,-0.5,0.5
4;=(0.0,1.0,1.0
A-(-1.0,1.0,1.0,B-(-0.5,0.5,0.5

SQS-8

SQS-4

SQsS-2

Lattice vectors
4,=(1.0,-2.0,0.0,8,=(0.0,-2.0,1.0
a;=(-2.0,0.0,-2.0

Atomic positions
A-(0.0,-4.0,0.0,A-(0.0,-2.0,0.0
A-(0.5,-2.5,0.5,A-(0.5,-3.5,0.5

B-(-1.5,-0.5,-1.5,B-(-1.5,-1.5,-1.5
B-(-1.0,-1.0,-1.9,B-(-0.5,-0.5,-0.5
B-(-1.0,-4.0,-1.9,B-(-1.0,-2.0,-1.D
B-(-0.5,-1.5,-0.5,B-(0.0,-1.0,0.0
B-(-1.0,-3.0,-1.0,B-(-0.5,-2.5,-0.5
B-(-0.5,-3.5,-0.5,B-(0.0,-3.0,0.0
4,=(-1.0,0.0,0.0,8,=(0.0,1.0,-1.0,
3;=(0.0,-2.0,-2.0
A-(-0.5,-0.5,-1.5,A-(-1.0,-1.0,-2.D
B-(-0.5,-1.5,-2.5,B-(-0.5,0.5,-1.5
B-(-1.0,-1.0,-3.9,B-(-1.0,0.0,-1.0
B-(-0.5,-0.5,-2.5,B-(-1.0,0.0,-2.0
4,=(-0.5,0.5,0.5,a,=(0.0,-1.0,1.0
a;=(1.5,0.5,0.5
A-(1.0,0.0,1.0,B-(0.0,0.0,1.0
B-(1.0,0.0,2.0,B-(0.5,-0.5,1.5

lar relativistic correctiongi.e., no spin—orbit interaction

a conjugate-gradient scheme. For the bcc alloys considered

Spin-polarized calculations were performed for the Cr—Fan the present study, the SQS’s were fully relaxed with re-
alloys, whereas all other calculations were nonmagneticspect to both the volume and shape of the unit cell as well as
Pure bcc Fe is ferromagnetic while pure becc Cr is antiferro-all the atomic positions. In all our calculations, the magni-
magnetic with incommensurate spin density wa%e$his tudes of cell vector distortions of the fully relaxed SQS’s
leads to quite a complicated magnetic structure in thewith respect to their ideal, unrelaxed unit cells are very
Cr,_Fe bcc alloys at low temperaturé$,which was not small, indicating structural stability of the bcc lattice for
investigated in the present study. Instead, since our SQS cahese systems.
culations were performed at compositioxs0.25, 0.5 and We obtained the formation enthalpies of the random bcc
0.75, all larger than the critical compositior=0.2 beyond alloys as
which the Ci_,Fe, bce alloy becomes ferromagnefitwe
assumed a ferromagnetic structure for the Cr—Fe bcc alloys
in our spin-polarized calculations.

By computing the quantum-mechanical forces and streswhereE(A), E(B), andE(A;_,B,) are the first-principles cal-
tensor, structural and atomic relaxations were performed anculated total energies of the constituent pure elements A and
all atoms were relaxed into their equilibrium positions usingB and the corresponding SQS, respectively, each relaxed to

AH(X) = E(A1By) = (1 =X)E(A) = xE(B), 1)

TABLE Il. Vertices of the multisite figures, given in units af the bcc lattice parameter.

Type Figure designation Vertices
Triplets 3,2 0,0,0 (0.5,0.5,0.5 (0.5,-0.5,0.5
3,3 0,0,0 (0.5,0.5,0.5 1,0,9
Quadruplets 4,2 0,0,0 (0.5,0.5,0.5 (0.5,-0.5,0.5 1,0,0
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TABLE lll. Pair and multisite correlation functions of SQ$-structures. The number in the square brackets neﬁkgg gives the
degeneracy factor of the corresponding figure.

x=0.5 x=0.75

Random SQS-16 SQS-8 SQS-4 SQS-2 Random SQS-16 SQS-8 SQS-4
11, ,[4] 0 0 0 0 0 0.25 0.25 0.25 0.25
11, ,[3] 0 0 0 -0.3333 -0.3333 0.25 0.25 0.3333 0
E”[G] 0 0 -0.1667 0 -0.3333 0.25 0.25 0.1667 0.1667
I, J12] 0 0 0 0 0 0.25 0.25 0.25 0.25
1, [4] 0 0 -0.5 0 1 0.25 0.125 0.5 0.5
T 0 -0.3333 0.3333 -0.3333 1 0.25 0.0833 0.3333 0.3333
I, {12] 0 0 0 0 0 0.25 0.25 0.25 0.25
Il ,[12] 0 0 0 0 0 0.125 0.1667 0.1667 0
I §[12] 0 0 0 0 0 0.125 0.0833 0.1667 0.1667
0, 6] 0 0 -0.3333 -0.3333 -0.3333 0.0625 0.1667 0 0
Error 0 0 0.0278 111 0.2222 0 0 0.0139 0.0694

their equilibrium geometries. In the present study, all ele-also obtained from the relaxed SQS’s. Since in a perfect bcc
ments considered are observed at low temperature in the betructure each atom is coordinated by eight nearest neigh-
structure, and thus, pure element bcc energies were used lagrs, we have taken the smallest eight interatomic distances
reference states in E@L). of each atom in the relaxed SQS'’s to be representative of the

To study the local atomic relaxations, the distributions ofnearest neighbor bonds.We then categorized the bond dis-
nearest neighbor bond lengths in the random bcc alloys werences into different bond types, e.g., A-A, A-B and B-B,
and computed the average bond lengths for each type.

IV. RESULTS AND DISCUSSIONS
A. Pure elements

The first-principles calculated=0 K lattice parameters
of bcc Nb, Mo, Ta, W, Cr and Fe, each relaxed to their
equilibrium volumes, are given in Table IV. Both spin-
polarized and non-spin-polarized calculations were per-
formed for bcc Cr and Fe. Consistent with previous DFT
studies, ferromagnetism substantially stabilizes the bcc Fe
(energy is decreased by ~0.56 eV/atom upon the inclusion
of spin polarizatiop making it the ground state of Fe. Spin-
polarized, ferromagnetic calculations for Cr resulted in a
nonmagnetic solution. According to Table 1V, the lattice mis-
match(defined asAa/a ) in the Mo—-Nb, Ta-W, and Cr-Fe
alloy systems are found to be 4.3%, 3.7% and 0%, respec-
tively.

(a) SQS-16 for x=0.5

B. Mo—Nb

Mo and Nb form a continuous bcc solid solution. No in-
termediate phases have been reported in this sy%tdine

TABLE IV. First principles (VASP—-GGA) calculated equilib-
rium lattice parameter for pure elements in the bcc structure. Spin-
polarized calculations were performed for Cr and Fe in their ferro-
magnetic(FM) state.

(b) SQS-16 for x=0.75

FIG. 1. Crystal structure of the SQS-16 structures in their idealElement Mo Nb a w C(FM)  Fe(FM)

unrelaxed forms. Dark and light spheres represent A and B atomg, (A) 315 329 329 3.17 2.85 2.85
respectively.
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3.40 1 state galvanic cell. Fairly satisfactorily agreement has been
o Experiments [25] . .
A Experiments [26] rgac_:hed with the largest discrepancy Igss than 2 .kJ/moI.
3351 wsas = Sigli et al?” also calculated the formation enthalpies of
Mo—-Nb bcc alloys using the TB—CPA-GPM approach. For
3.30 g 2 the purpose of comparison, their results are also shown in
< o d Fig. 3, which agree quite well with our SQS’s results. In all
B 325 e = three cases, the asymmetry of the formation enthalpy with
% » a respect tax=0.50 is quite small.
5 3.20 ] = The negative formation enthalpies indicate that Mo—Nb is
o 8 an ordering-type system. Sigit al?” predicted that an or-
@ a©
S 3159 & ° L dered B2 structure is stable in Mo—Nb below 830 K. Ne-
3 glecting the effects of vibrational entropy and assuming an
3.10 = ideal configurational entropy of mixing for the NigNb, bcc
solid solution, i.e.,ASgea=—R(X In(x)+(1-x)In(1-x)), we
3.05 - - obtain a crude estimate the A2-B2 order—disorder transition
temperature at compositior=0.5 in Mo—Nb using the fol-
3.00 . lowing equation:

T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1.0

SQSy, —
Mole Fraction, Nb T ~ AHpYx = 0.5 — AHg,
C

RiIn 2

(2)
FIG. 2. Equilibrium lattice parameters of Mo—Nb bcc alloys as a

function of composition. Our first-principles calculation of the formation enthalpy of

the fully ordered MoNb B2 structure gives —-13.1 kJ/mol.

dUsing Eq.(2), we thus obtaim,~ 731 K, in good agreement

pwith the temperature of 830 K predicted by Sigi al. *’

Since this temperature is relatively low compared with the

equilibrium lattice parameters of Mo—Nb bcc alloys obtaine
from the relaxed SQS’s are plotted in Fig. 2 together wit
those of the pure bcc Mo and Nb given in Table IV. The )
experimental measurements by Goldschmidt and Efand Melting temperature of M@2896 K) and Nb(2750 K), slug-

and Catterall and Bark&rare also included for comparison, 9iSh kinetics might explain why the B2 structure or other
Our calculations are in good agreement with experiments‘.’rdered phases have not been observed experimentally. How-

Both show a small negative deviation from the Vegard's law,EVel: OUr results do predict the existence of ordered struc-
ie., a(A;B)=(1-xa(A)+xaB), wherea(A,_B,), a(A) tures in Mo—Nb which to date have not yet been observed.
and a(B) are the equilibrium lattice parameters of alloy Therefore, we assert that experimental re-examination of the

A,_B, and constituent pure elements A and B, respectivelyltow'temloerature phase stability of Mo—-Nb would be of in-
In Fig. 3, the predicted formation enthalpies of random erest.
Mo-Nb bcc alloys are compared with the experimental mea-
surements by Singhal and Worfélat 1200 K using a solid C. Ta-W
Ta and W also form a continuous bcc solid solution with
0 —_ no intermediate phasé®.The predicted equilibrium lattice
© Experiments [24] . . .
uSQS parameters of Ta—W bcc alloys are shown in Fig. 4, in good
—CPA[27] agreement with the existing experimental measurenténts.
27 i Both show a negative deviation from Vegard’s law. In Fig. 5,
the predicted formation enthalpies of random Ta—W bcc al-
loys are compared with the experimental solid state galvanic
cell measurements of Singhal and Worf&lin Figs. 4 and 5
we also show the formation enthalpies of random Ta—W bcc
alloys calculated by Turchet al2° using the TB-LMTO-
o ASA-CPA approach. Interestingly, although experimental
) formation enthalpies exhibit a strong asymmetry towards the
-8 - Ta-rich side, both SQS and CPA calculated formation enthal-
o °© pies exhibit a strong asymmetry towards the W-rich side.
o Such large discrepancies between our calculations and ex-
-10+ r perimental measurements on the W-rich side may be due to
the slow kinetics at the experimental temperature of 1200 K,
which makes thermodynamic equilibrium difficult to reach,
0 041 02 03 04 05 06 07 08 09 10 as was also pointed out by Turcdi al3° To investigate this
Mole Fraction, Nb hypothesis, we exa_mlned the tracer. dlffuswlt_y ofWTa in bcc
W at 1200 K using the Arrhenius relatioDy,=6.2
FIG. 3. Formation enthalpies of Mo—Nb bcc alloys as a function X 10 *Exp(-601241/R7 obtained by Arkhipovat al>! and
of composition. obtained an extremely low value of 4.188073° m?/s. The

Formation Enthalpy, kJ/mol
<D
1
T

-12
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336 1 | | 1 1 1 1 I | 3.10 1 1 L 1 1 1 | 1 L
o Experiments [33]
3.05- ACr, Antiferromagnetic -
3.32 L m SQS, Ferromagnetic
3.00 o
5
<- 3.08 - ° i < 2.95 1 -
g 5
2 = 2.90 I~
> 2
E g © 000 00 oo o ooooo O O 00 0000OMO
S 3.24- g 2854 . n .
o o
8 8 280 -
§ 3.20 q 275 - |
C u
2.70 -
3.16 4 o Experiments [29) >
nSQSs 2.65 L
—CPA [30]
3.12 T T T T T T T T T 2.60 T T T T T T T T T
0O 01 02 03 04 05 06 07 08 09 1.0 0 01 02 03 04 05 06 07 08 09 10
Mole Fraction, W Mole Fraction, Fe

FIG. 4. Equilibrium lattice parameters of Ta—W bcc alloys as a  FIG. 6. Equilibrium lattice parameters of Cr—Fe bcc alloys as a
function of composition. function of composition.

fact thatD\T"f,j1 dominates the interdiffusion coefficients in the ments of formation enthalpies down to an accuracy of
W-rich Ta—W bcc alloys could explain why the discrepanciesl kJ/mole are quite difficult, and it is possible that the ex-
between SQS calculations and experiments are largest on tiperimental data is partly responsible for the discrepancy.
W-rich side. However, we should also note other possibilities It is interesting that the results of Turcéi al3° overesti-
to explain this discrepancy1) Our SQS are constructed to mate the formation enthalpies relative to our SQS results
mimic the perfectly random state, and thus short-range ordegven though their CPA calculations ignore such important
in these alloys could also contribute to the discrepaf@y. physical effects as atomic relaxations, which will lower the
Although the SQS possess many pair and multibody correlaformation enthalpy. We attribute such apparent discrepancies
tions that match the random alloy statistics, there are deviao the atomic sphere approximatioghSA) employed in their
tions from the random alloy correlations for longer-rangedCPA calculations.
pair and other multibody interactions. If some of these inter- The negative formation enthalpies indicate that Ta—W is
actions are significant, they could contribute to the discrepalso an ordering-type system. Turati al3° predicted that
ancy.(3) Finally, we should note that experimental measurethe Ta—W bcc alloys have a strong tendency toward B2 or-
dering. In the present study, we obtained via first-principles

0 ! ! ! L ! ! ! ! ! calculations the formation enthalpy of the fully ordered Taw
B2 structure to be —11.2 kJ/mol. Assuming an ideal configu-
2 o [ rational entropy of mixing, the A2—-B2 order-disorder transi-
tion temperature at compositio=0.5 in Ta—W is thus esti-
- ° mated using Eq(2) to beT.~552 K, which is substantially
E 4 © i lower than the temperatures predicted by Tuehal2° The
2 A" e low order—disorder transition temperature could again ex-
g -6- o ° L plain why the B2 structure has not been observed experimen-
£ o © tally in Ta—W. But again, our calculations predict tflew
& 8 i temperaturgexistence of ordered structures in the Ta—W sys-
§ b " = tem that have previously not been reported, and therefore
g future experimental work on this system would be of inter-
E -10 4 - est.
424 © Experiments [28] |
nSQs D. Cr-Fe
A4 — CPARI Cr and Fe form a continuous bcc solid solution with a

0 04 02 03 04 05 06 07 08 09 1o  miscibility gap appearing at low temperatufsA sigma
Mole Fraction, W phase also forms at intermediate temperatétds. Fig. 6,
the predicted equilibrium lattice parameters of ferromagnetic
FIG. 5. Formation enthalpies of Ta-W bcc alloys as a functionCr—Fe bce alloys are compared with available experiménts.
of composition. Figure 7 also gives the predicted magnetic momeimtsug
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25 ] 1 1 ] i | 1 ! 1 | 3 | 1 1 1 | 1 { | |

o Experiments {34} ——CPA[38]

AExpermentsf@g} L |- CPA [39]

u SQS, Ferromagnetic A 2+ L
2.0-{— CPA[36} L

Magnetic Moment

Formation Enthalpy Difference, kJ/mol

A

0 T T T T T T T T 5
0 01 02 03 04 05 06 07 08 03 1.0

0 01 02 03 04 05 06 07 08 09 1.0

Mole Fraction, Fe Mols Fraction, Fe

FIG. 7. Magnetic moment of Cr—Fe bcc alloys as a function of

composition. FIG. 8. CPA calculated formation enthalpy difference between

the paramagnetic and ferromagnetic states of Cr—Fe bcc alloys.
per atom of random ferromagnetic Cr—Fe bcc alloys to-

gether with the available experimetft8>and the calculated thalpies of ferromagnetic Cr—Fe bcc alloys, we obtain the
KKR-CPA results by Kulikov and Demange&tin both  formation enthalpy in the paramagnetic state. Our results are
cases, the discrepancies near the Cr corner are due to the faglown in Fig. 9 together with the corresponding experimen-
that we treat Cr as ferromagnetic instead of antiferromagis| dat4” and the CPA DLM results by Olssoet al3® We
netic. In Fig. 6, we also include our calculated equilibrium 4 o0d agreement between the theoretical and experimen-
lattice parameter of antiferromagnetic bcc Cr with & COM-5| formation enthalpies with the largest discrepancy less

mensurate wave vector using a B2 unit cell, which is in 900Gy 1 k3/mol. We also note that the positive formation en-
agreement with the measured value. We found that antlferro[

) halpy for the random alloy is normally an indication (@it
ma[g)gﬁg%?elg\geerrifntgﬁtael?ye:%;;3%%C,{K:%?:qgt?%/?r?trr?élp_does not guarantg@ phase-separating tendency in this sys-
ies of bcc Cr—Fe alloys at 1400 K. This temperature is well
above the Curigor Née) temperature of Cr—Fe bcc alloys,
therefore, the measured alloys were all in the paramagnetic L]
state. However, the present spin-polarized calculations corre T
spond to the ferromagnetic state of the alloys. Akai and
Dederichg® and Olssoret al3 calculated using the KKR—
CPA and FCD-EMTO-CPA approach, respectively, the E
structural energy differences between the paramagnetic ane2
ferromagnetic states of random Cr—Fe bcc allayg™—PM,
which are found to be substantial in the Cr—Fe system. In
both studies, the disordered local momédtLM) model was
used, which treats the paramagnetig_(Fe, alloy as a ran-
dom quaternaryCr1,Cr| ),_(Fel ,Fe] ), system with equal
number of up-spin and down-spin atoms. Since the Cr—Fe

lon Enthalpy, kJ

‘ormat

© Experiments [37]
system is a perfectly lattice-matched system with - _, | ®SQS, Feromagnetic L

F

Aala< 1%, one might expect that the atomic relaxations are 4 SQS, Paramagnetic with DLM data from [3¢]

small, and that the neglect of them in the CPA should repre- | 2 Sas Paramagnetic with DLM data from [3¢]

£ SQS, Nonmagnetic o

sent only a minor approximation. We will investigate more — CPA, DLM [39)

the relaxation behavior of this alloy below. -8 — ——— . ,
Figure 8 shows the CPA calculated formation enthalpy 0 01 02 03 04 05 06 07 08 09 1.0

difference between the paramagnetic and ferromagnetic Mole Fraction, Fe

states of Cr—Fe bcc alloyé,° defined as . _ . .
FIG. 9. Theoretical and experimental formation enthalpies of

AHPMZPMG) = AEPMZPM(A 1 B,) = (1 =) AETMPM(A) Cr—Fe bcc alloys as a function of composition. The SQS paramag-
— XAEFM—PM(B) 3) netic results are obtained by addingi™—"M (from Refs. 38 and
39, respectivelyto our SQS calculated formation enthalpies of fer-
By adding AHFM~PM to our SQS calculated formation en- romagnetic Cr—Fe bcc alloys.

214202-7



JIANG, WOLVERTON, SOFO, CHEN, AND LIU

12 { 1 ! 1 l I 1 i 1
9- \‘./. -
6 L
©
E 3 -
3
> 04 o
a
£
2 31 B
w
g -6 R
"§ a
B ol eA———gp— ~ I
@
-12 1 |
o Nb-Mo
154 aTew -
u Cr-Fe, Ferromagnetic
'18 ] 1 1 T T T T T T
o 2 4 6 8 10 12 14 16 18 20
N

FIG. 10. SQS calculated formation enthalpies of Nb—Mo, Ta-W
and Cr—Fe bcc alloys at=0.5 as a function oN, the number of
atoms per unit cell.

tem, consistent with the observed miscibility g&p.

Non-spin-polarized calculations were also performed on
the present SQS’s, which, however, predicted the wrong sign
of the formation enthalpies, as shown in Fig. 9. Thus, we can
conclude that the nonmagnetic calculations are a particularly
poor representation of the paramagnetic state for these al-
loys.

E. Convergence tests

Figure 10 gives the formation enthalpies of various
SQSN structures fox=0.5 withN=2, 4, 8 and 16 atoms per
unit cell, respectively. For all three systems considered in the
present study, we observed a rapid convergence of the SQS
calculated formation enthalpies with respectNoRemark-
ably, in Mo—Nb and Ta—W, even calculations on SQS-2 pre-
dicted well within 1 kJ/mol the results obtained using SQS-
16. From Table I, we see that even the SQS-2 has a nearest-
neighbor correlation which matches that of the random alloy
precisely. Thus, the rapid convergence of SQS$vith re-
spect toN in for Mo—Nb and Ta—W could be an indication
that the energetics of these alloy systems are dominated by
nearest-neighbor pair interactions. In Cr—Fe, the convergence
is still rapid, though somewhat less so, possibly due to the
magnetic effects. Similar rapid convergence behavior of the
fcc SQS's were also observed by Zungeral 34

F. Bond lengths in random alloys

In Fig. 11, the average nearest neighbor A-A, A-B and
B-B bond lengths in random Mo—Nb, Ta—W and Cr—Fe bcc
alloys are presented. In all systems, our results clearly show
three distinct nearest neighbor bond leng®s,, Ra-g and

Average NN Bond Length, A

N

Average

Average NN Bond Length, A

2.90

PHYSICAL REVIEW B9, 214202(2004

2.85 4

N
8

n
o
1

2.70

2.65
0

01 02 03 04 05 06 07 08 03 1.0
Mole Fraction, Nb
(a) Mo-Nb

2.80 1 \ _
2.78 1 SN o
Q.
2.76 ™ L
e
274 aTaTa ].
oTaW
272 ] OWW -
©Weighted average
2'70 T T T T T T T T 1
0 01 02 03 04 05 06 07 08 08 1.0
Mole Fraction, W
(b) Ta-W
2.55 ] 1 1 i 1 1 1 1 1
2.50 -
b
aCrCr
o Cr-Fe
D Fe-Fe
© Weighted average
2.35

01 02 03 04 05 06 07 08 09 1.0
Mole Fraction, Fe
(c) Cr-Fe

FIG. 11. SQS calculated average nearest-neighbor bond lengths
Rg-g at all compositions, all deviating from that of the aver- as a function of composition in random bcc alloys. The dashed lines

age lattice, i.e.R=13/2a,a being the equilibrium lattice pa- represent the average lattice.
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2657 ACHCr intermediate between the large—large and small-small like
oCr-Fe atom bonds.
261 OFe-Fe However, the relaxation behavior of Cr—Fe is somewhat
ass L W Average unexpected: Even though the Cr—Fe system is a perfectly
< lattice-matched system, the average Cr—Cr, Cr-Fe and Fe—Fe
'g; 55l § bond lengths are actually quite different. Thus, in this sys-
37 A ) tem, the atomic relaxation is not simply mediated by tradi-
%o | § 3 3—  tional atomic size mismatch considerations, but must also
2 N have a contribution due to electronic or band structure ef-
24+ 8 fects. We see that a small lattice-mismatch does not neces-
sarily guarantee small atomic relaxation, as is often asserted.
235 + We find the average Cr—Fe bond length to be larger than
those of both Cr—Cr and Fe—Fe bonds. To further investigate
23 ' Bond Type this issue, we also give in Fig. 12 the predicted nearest
(a) x=0.25 neighbor bond length distributions in Cr—Fe bcc alloys. The
horizontal lines correspond to the average bcc lattice. As
shown, there exists a dispersion of bond lengths for all three
26T ACHCE types of bonds, i.e., Cr—Cr, Cr—Fe and Fe—Fe, indicating the
0 Cr-Fe existence of local lattice relaxations. This unusual structural
ass & oFe-Fe behavior of the Cr—Fe bcc alloys is interesting in light of the
' W Average phase-separating tendency in this system: a miscibility gap is
< o experimentally observed in this system at Ilow
g; 251 o temperature$?
;e : :
§ 251 3 ° 8 V. SUMMARY
“ A We proposed three 16-atom SQS supercells to mimic the
24l 4 pair and multisite correlation functions of random binary bcc
substitutional alloys. In each of them, a distribution of dis-
tinct local environments is created, the average of which cor-
235 Bond Type responds to the random alloy. Those SQS’s were then applied
(b) 0.5 to predict the lattice parameters, formation enthalpies, mag-
netic moments and bond lengths of Mo-Nb, Ta—W and
7~ Cr—Fe bcc alloys, and the results are in good agreement with
' ACr-Cr the experimental data in the literature, when available. The
265 1 0CrFe magnetic effects were found to be significant in Cr—Fe, and a
:i‘:;;ge combination of our ferromagnetic SQS calculations with pre-
26 vious calculations on the paramagnetic state result in forma-
2ss | o tion energies that agree well with experimental measure-

o ments. The convergence tests showed that 16-atom SQS’s
§ provide good approximations of the real random solutions,
§ §~— and even very small 2-atom SQS’s provide reasonably accu-

NN Bond Length, A
[\ ]
W

246571 A rate energetics. Thus, this two-atom structure could be used
24l ] as a very simple “screen” for bcc random alloy energetics.
The calculated nearest neighbor bond lengths showed that,
235+ A even in perfectly lattice-matched systems such as Cr-Fe, the
average A-A, A-B and B-B bond lengths can be quite dif-
2 Bond Type ferent. Finally, the presently proposed SQS'’s are general and
() x=0.75 can be applied to other binary bcc alloys.

FIG. 12. SQS calculated nearest neighbor bond length distribu-
tions in random Gy, Fe, bce alloys at composition@) x=0.25,(b) ACKNOWLEDGMENTS
x=0.5 and(c) x=0.75. The horizontal lines correspond to the aver-

. The authors wish to thank Dr. Axel van de Walle for his
age bcc lattice.

kind help on the use of the ATAT software package. The
rameter of the alloy. Nevertheless, the weighted average dYlaterials Simulation CentefMSC) at Pennsylvania State
these bond lengths, i.eXiRa_a+2XaXsRa_g +X3Rg.5, do  University is also acknowledged for providing computing
follow R, as shown by the dashed lines in Fig. 11. In thefacilities. This work is funded by the National Science Foun-
Mo-Nb and Ta—-W systems, the bond lengths follow the “ex-dation through the Information Technology Research Grant
pected” behavior in that the bonds between unlike atoms ardlo. DMR-0205232.
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