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INVERTIBLE AND NON-INVERTIBLE ALLOY ISING PROBLEMS
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Physical properties of alloys are compared as computed from ‘direct’ and
‘inverse’ procedures. The direct procedure involves Monte Carlo simula-
tions of a set of local density approximation (LDA)-derived pair and
multibody interactions {}, generating short-range order (SRO), ground
states, order—disorder transition temperatures, and structural energy differ-
ences. The inverse procedure involves ‘inverting’ the SRO generated from
{v;} via inverse-Monte Carlo to obtain a set of pair only interactions {7}.
The physical properties generated from {7} are then compared with those
from {»;}. We find the following: (i) Inversion of the SRO is possible (even
when {»;} contains multibody interactions but {#} does not). (ii) Never-
theless, the resulting problem interactions {ﬁf{ agree with the input

can De produced Dy drastiCally diIfcrent Sets {7f}.
interactions deduced from inverting SRO are not unique. (iv) Inverting
SRO always misses configuration-independent (but composition-depen-
dent) energies such as the volume deformation energy G(x); consequently,
the ensuing {7} cannot be used to describe formation enthalpies or two-
phase regions of the phase diagram, which depend on G(x). ©1997 Elsevier
Science Ltd
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The physical properties of A;_,B, alloys are usually third over ail triplets, etc. We refer to these elementary
analyzed and interpreted via ‘cluster expansion’ models clusters as ‘figures’ f.

[1-3]: Each of the N sites of an alloy, i=1,...,N, is If the set of interactions {J;(V)} is known for a given
labeled by a spin variable S; = —1 or +1 if site i is alloy system, one may apply standard methods of lattice
occupied by an A or B atom, respectively. The set of spin statistical mechanics (e.g. mean field, cluster variation or

.—“mﬁﬂili‘%ﬂﬂf"— rﬁ-ﬁﬁufl’-'i.-_”'b_‘_—:wn%f-‘rr.ﬁ“‘ﬂhiﬁi‘,‘ tagl® rpfrah iR WL =)

any bl atj state es or finite-femneratures. thermody-

tion of temperature-composition phase diagrams and
_ e (N & ground state structures of transition metal [1-3] and
E@.V) = Jo(V)t Z: TAVISi+ ;J” VS5, semiconductor [2] alloys, mixing enthalpies of disordered,
o partially ordered, and off-stoichiometric alloys [2, 3] and
+ Z Jije (VIS 88, + ..., (1)  short-range order (SRO) of solid solutions [5, 6]. We refer
kej<i to this approach as the ‘direct approach’.
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Table 1. The values of the input interaction energies »; and the interaction energies 7 reconstructed via IMC

simulatinns of the SRO comnnted fram v< (meViatgm) Dgsionation of the ‘ficures’ £ follows the notation of Table IV

,“-‘,——,—t— -

— -

Set 1 Set 2
Direct Inverse Direct Inverse
Clusters Designation Df l'f Df flf Df Vf Df ﬁf
Empty Jo —-2332 NA ~233.2 NA
Point Ji 2529 NA 2529 NA
Pairs Jy 152.0 1572 1520 690.0
K, —-20.0 —-21.0 -20.0 17.6
L, 58.9 60.0 58.9 -19.2
M, 33.5 33.3 335 103.2
N, 0.0 -3.6
0, 0.0 —-0.4
P, 0.0 13.2
8E(L1,,D0,,) —~4.0 —4.8 +103.3 +76.2
6E0,d(L12) —42.6 —451 -41.9 -79.8
G(x=1/4) 112.1 112.1 NA
AH;, (1/4) —-56.2 —172.1 -227.7 —600.6

atom-—atom pair correlation for the nth atomic shell) is
used in an inverse statistical approach (e.g. the inverse
Monte Carlo (IMC) method [7] to deduce a set of

necessary to deform the constituents from their equili-
brium volume to the volume V(x) of . The second term
of equation (3) describes the spin flip excess energy of

[ -—

appiytig it W d wli~Clialaciclizca an } Qudilcy ull'ngﬂ
a direct procedure.

In the following it is-comvenient te-intredues the creess
energy AE(g, V) of configuration g, defined as the energy
of this configuration at volume V, relative to the energies

(1), UUL OCIT IC CSLICCUVC micracuon Crcrgics {Pf] arc
volume-independent pure spin flip energies.

We will—examine the invesbility—ef the inverse
approach by performing a ‘controlled experiment’. As
input we use two ‘exact’ sets of imteractions {vf}

ww L= ‘J Jl

AE(0,V) = E(0,V) — [(1 - x)E4(V,) + xEp(Vp)].  (2)

If the equilibrium volume V (o) depends primarily on the
composition x and only weakly on the configuration o,
then the variables o and x can be rigorously separated in
equation (2) giving [9]

AE(0,V) =G+ Y _ Dywli;(0). ?3)
7

Here, the first term G(x) describes the elastic energy

‘exact’quantities such as SRO parameters a(r), structural
encrgy differences 8E(o,0’) between configurations o
and o, transition temperatures T, and the mixing
energy of the random alloy AH_ ;.. We then contrast
the results of this ‘direct procedure’ with those of the
‘inverse procedure’, in which the set {a(n)} (obtained in
the direct procedure from the known, exact {»}) is used

as input to deduce the interactions {7} by IMC simula-
tinns. hinh sa than sheain /. xcr N T and

P
AH ;..
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Fig. 1. Comparison of the (001) plamesof a(k) and a(k) forA;B alloys.

We use as 1nput two sets of 1nteract10n energies {»r} upon inclusion of multibody interactions Also note
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tions. Set 1 is identical to Set 2, except that we have set pair interactions were retained in the energy expression
equal to zero all multibody interactions. of IMC First, conﬁguratlons were produced which

calculations, a system size of 40%6 atoms was used 1or Sets simulations were pertormed
with periodic boundary conditions, 1200 Monte Carlo three crystals compatlble with the sets of a(n), and
steps (MCS) were used for equilibration, and averages averages were taken over these three crystals. Tests

difference is dramatic: a(k) of Set 1 shows peaks at the
X-points (100) whereas (k) of Set 2 shows peaks at the Short-Range Order

W-points (15 10) as seen experimentally in Ni;V [10]. Figure 1 compares the recalculated &(k) (computed
— (I P g S B e
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+103meV/atom and 7T, changes from 630 to 1850 K However, in these previous studies, measured SRO was



1 _ Bt LA N ALDNY ISING PROBI FAMS Vdwd(! Bla—~

used as nput 1o the , and thus the Interactions which  QIIfer because OI the absence O G(x) In the Inverse
produced the input SRO were not known. We have shown  procedure. This absence leads to an error of more than

that even when multibody interactions are used to produce 100 meV/atom even in cases (such as Sct 1) dominated
2 i < Yoo Cnt D 4l nners af ALY 3

o

We compare the values of vy Vs 7 in Table 1. For Set  peducing values of AHy, is clearly not reliable in the
1, the IMC algorithm closely reproduces the input set of mverse procedure

RN o o e aaaiiang (v P — —
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AU 1HVEISC ST Ul LUCIAULULD UILCT Wlallducaily il quantities (e.g. SRO) other than E(o, V) may lead to a
several respects: loss of information. We now use equation (3) to distin-

in ‘f(-'mur‘ ﬂ" Qum 1 ;n. —_ i

(a) Physical properties that depend on both G(x) and
(11) There are huge dlffcrences in pair interactions g, the spin—flip energies {;} include any quantity which

PP ) s et o ,
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ences between »; and 7 of Set 2, they both produce perature phase diagram. Sin(.;e ‘type-(a)’ Propertie.s such
nearlv identical SRO patterns (see Fig. 1). This surnrising a8 the set {AE(c, V)} contain complete information on

uniqueness was also found by Schweika and Carlsson €Quation (3) and in principle extract the ‘exact’ G(x) and
{12], (Fig. 3a), who in contrast to the present work, useda  {¥r ), as demonstrated in [9]. Thus, the inversion of ‘type-
high-temperature expansion (whereas we use IMC) to (a)’ properties involves no loss of information.

invert SRO generated by pair and multibody interac- (b) Physical properties that do not depend on G(x)
thl'lS] We assert that due to the non-umquencss of pair include energy dlfferenc’es of isocompositional conﬁg-

2 L m ......o.:iE iE:)d (‘j Thanedar—Ainor,
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meaningless. For example, Schweika and Carlsson [12] Partially oArder‘ed lov‘v-tt?m;‘)erature phas?,. POth at the
== = : 7 — e 5 . V
which were temperature-dependent even though the depend on G(x) is the atomic SRO. «(n) involves a

P s e = ﬁ‘ﬁﬁﬂ:ﬁ%-
dence is not due to physical effects (e. g vibrational or range ordere structure, both at the same volume V(x
. 4

{ 2 Ane H
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that a pair-only inverse scheme does not recover infor-

mation on the multibody interactions {v}. inversion of a ‘type~(b)’ property, such as SRO, cannot

E Structural _energies. ground stafes. and_transitjon  provide any information on G(x), even if the SRO covers

i o7 calculation of ‘type-(a)’ properties, such as formation
energies [equation (2)], mixing energies, or the phase-

Table 1 also shows values of the mixing enthalpy of coexistence regions of the phase diagram. This point is
the random alloy AH;, (x = 1/4) For Set 1, where hlghllghted by recent studles [5] on Ni;_,Au,. ThlS isa
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Mixing Energies
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ordering type. Inveriing the SRO will thus inevitably  Office of Energy Research (OER) [uwnsnon of Materials
produce ordering-type {7}, which are useless for pre- Science of the Office of Basic Energy Sciences (BES)],
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interactions may be unwarranted. However, comparing
a theoretical SRO pattern to a measured one is a sound
procedure.

(iv) Inverting the SRO always removes information
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