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A correlated function expansioiCFE) is introduced(a) to identify the role of independent and correlated
composition variations upon a desired material property,(Bnhtb provide an efficient means to compute the
property throughout the composition space. As an example the contributions of independent and correlated
composition behavior upon the principal energy band gaps for the alloygnGaPsAs,_; and
Ga,In,_,PsShAs,_,_, are calculated and analyzed by applying the CFE to the universal tight-bi(idiri)
Hamiltonian model of the alloys. The convergence properties of the CFE over the entire composition variable
space(a,B,y) are examined upon including independent, pair-, and triple-correlated terms. By retaining only
independent component contributions in the CFE it was possible to represent the UTB results to better than
90% accuracy for both the alloys @a,_,PsAs,_;z and Galn,_,P;SbAs,_,_.. Pair composition correlations
contributed approximately 5-10 % to the band gaps in both alloys and fgmGgPs;SbAs; ; , the
triple correlations were at the level e#3%. The CFE is a generic tool capable of simplifying efforts at
finding desired alloy compositions for material propert{€0163-18208)07028-3

[. INTRODUCTION convergence properties of the CFE as a predictive tool are
explored by examining the absolute error for the first- and
Recently there has been increasing interest in the strusecond-order CFE expansion for 121 grid poifis., com-
tural and electronic properties of the Ill-V semiconductorpositions for the Galn, ,PgAs; 4z alloys and 726 grid
alloys and consequently in their electro-optical applicationgoints for the Galn,_,P;Sh,As, 5, alloys. Here, first- and
as high-efficiency light-emitting diodes and high-speedsecond-order refer, respectively, to the independent and pair-
switching deviced~® The independent and correlated behav-correlated behavior amongst the composition variables. We
ior of the alloy components determines the electro-opticafound that the first-order CFE prediction is sufficient to rep-
properties and give rise to nonlinear phenomena. Howevefesent the full composition space UTB theoretical values to

no theoretical analysis has been reported on the effects of tHY€r 90% accuracy. At this level of accuracy the first-order

independent and correlated component behavior in the III—\FFl_E predictions f(_)r both alloys correspond to computational
alloys with the number of component$ satisfying N=2. savings of approximately factors of 6 and 40 for the respec-

This situation is apparently due to the computational diffi-tlve alloys Gal.n.l‘apﬁAsl.‘ﬁ and G@'lnl‘apﬁstw‘sl—ﬁ—f .
. i : o . Small, but significant, pair-correlation composition behavior
culties and complexity of dealing with disorder in the alloys,

. : . . —'was evident. For the Gin, ,PgAs;  alloy 100% accuracy
although marked dlfgerences_ with composmqn variation ..o, s at second order with the pair correlations contributing
have been observéd® Extensive and systematic searches

: - approximately 5—-10 % to thd" band-gap value. In the
for desirable alloy compositions must be pursued to develo;a;%lnl PsSbAs, 5 , system there were similar composi-
w By

new materials. This effort will likely require new theoretical {jon correlations as the CFE with terms up to second order
concepts and mathematical tools to provide the necessaptedicted all the band gaps to better than 95% accuracy. As
physical insight and guidance to accelerate the laboratoryn example, in the latter alloy the independent, pair, and
efforts. triple composition correlation contributions to thé band

In this paper, a correlated function expansi@FE) is  gap were, respectively, at the levels of 90%, 5.2%, and 4.8%.
introduced based on a high-dimensional model representghese CFE results have significant implications for simplify-
tion techniqud to identify the independent and correlated ing alloy composition design efforts, as well as for analogous
composition behavior of multicomponent materials. Theproader applications in materials scierite.
CFE is applied to investigate the contributions of indepen-
dent and correlated composition behavior uponlthke, and
X energy band gaps for the alloys (& _,PzAs; 5 and
Gaulnl_aPBSbiAsl_B_y based on the universal tight-binding ~ The material property of intereé.g., a band gags ex-
(UTB) model®® By utilizing a judiciously chosersubsetof ~ pressed ag(x) wherex={x;,X,,... Xy} is the collection of
alloy compositions, the CFE can deduce fhel, and X N component fractions. We seek a systematic and exact for-
energy gaps for thentire composition variable space. The mulation for £(x), which can identify the key role of each

Il. CFE FOR MATERIALS DESIGN
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componentx; with the aim of providing a basis to more even to first ordefi.e., £(x) ~ 79+ 71(X,)] is generally not a
efficiently determine useful new material compositions.linear combination of fractional composition contributions
Problems of this type have the apparent character of beindue to the nonlinear nature of the functichiéx;). The con-
nonpolynomial (NP) completé? to scale exponentially in cept of material composition correlations introduced here is
computational effort~- SN, whereS sample values are taken not statistically based, but rather its origin lies in the inherent
for each composition variable. The CFE can convert this tasbehavior of the material property composition space.
to only polynomic scaling ilN and can also clearly identify Various choices for the projection operators are posSible,
the independent and correlated roles of the composition varbut the following one is especially useful,
ables. Furtherr;%re, the CFE technique does not employ re-
gression analysts and it permits arbitrary structure to exist -~ , —
in the composition space of the propegx). Piji, -, (XiiX )25,1;[1 [3(xi,=%i) = o(xi =i )]

In the CFE, the model output property for a multicompo-
nent systen€(x) = £(x4,Xs,...,.XyN) IS expressed as a hierar- _
chical correlated function expansion in terms of the input X _H o(xy,—x), =1 (2
composition variables, -t

with the additional zeroth-order projection operator

N
EX) =&+ &)+ 2 &ij (Xi,X%j) N _
i=1 1<i<j<N PO:H S(x: —
i=1
oot b X ) These projection operators will uniquely specify all the cor-
N . related functions order by order, whexe: (X;,X5,...,Xy) IS
EZO m(Xp). (1) achosen fixed composition point in the variable space, called
a cut center. It is implicitly understood th& denotes one
Here, &, is a constant§;(x;) describes the independent role member of a set of projection operators at the order as
of theith component;;(x;,x;) gives the correlated action specified by the choice of the components constituling
of the variable; andx;, etc. The CFE has a finite number The cut centex would typically be a chosen reference ma-
of terms and is always agxactrepresentation of(x) when  terial around which composition exploratiofise., perhaps
sufficient terms are include@le., the last term picks up any large, including the entire spaceould be made. When the
final residualNth-order correlations completing the descrip- CFE is taken out to convergence, then the choice i
tion). Thelth function,(X,) represents a sum of all possible irrelevant. Operating with the projection operator defined in
correlated functions at thigh order such that Eq. (2) upon the original material function results in the fol-
lowing CFE terms:

mx)=__ > &igiy i (Xi Xi e X)), éo=£(%),

1<i,<i,<ij<N
where X={x; X -=x; }Cx. For example,no= &y, 71(X;) &(xi) = &(xi ;X)) — &o, ©)
=3&(X), 72(X)=2i<&j(x,Xx;), etc. Each member ;
of the Ith-order coIIectu]Jn]of correlated functions, (X,) &ij (XiXj) = £(X;  Xj X XD) = &(x) = &(x)) = &o,

can be determined by a corresponding projection operaetc. Here, is the model output material property for the
tion over the original function given bygiliz...il(fq) all of the composition variables fixed at the reference value

=[Pii,-i,(X:X)&(x)dx, where the integral is over aM X. The termé(x; ,x") is the model output material property as

composition variables anB, ;_...; (X, ;X) is one member of a function of the smgle_ componen ('.9 a cut a!ongxl
127 through the cut center in the composition spaeehile the

the set oflth-order projection operators other variablesyx; EYJ-, j#i, are fixed at the cut center.

Therefore, the behavior of;(x;) determines the property
(X| X)=P(X;X), response upon the independent action of the material com-
ponent variablex; with resp_ect to the reference system. In
which has the properties of othogonality and idempotency!l€ Same manneg(x;,x; x!) indicates the model output
The full set of such operator; ) (X| 'x) for 0<I<N material property for all the composition variableg=x,,

12 k#i,j, fixed at the cut center except fay andx;. Thus,
provides a resolution of the |dent|ty operator and the outpu%”(XI ;) describes the pair-correlated behawor between the
property functiong; ; .. (%) is invariant under the associ- varlablesx and x; with respect to the reference material
ated projection operatoP|(%,,x). Thus, each correlated identified at the cut center. A similar interpretation would
function; ;.. (X)) provides independent and unique physi- apply to additional higher-order CFE terms. In this manner,
cal informatlon on the relationships among the input compothe CFE operational procedure determines all the correlated
sition variables for their action upon the output materialcomposition behavior with each term having a clear physical
property. Furthermore, no restrictions are placed on the funoneaning on the right-hand side of E() tailored to any
tional form of the correlation terms, thereby admitting highly complex material propertg(x) = £(X1,X2,....Xn)-
nonlinear material properties with respect to the constituent In most physicali.e., material systems, one anticipates
composition. Thus, for example, a truncation of the CFEthat higher-order correlations are unlikely to be significant.

I
1<i,<i,<i;<N 12
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This implies that the CFE is expected to converge at lowwith interpolation over its stored grid is a very rapidly per-
order and thereby to save in computational efforts at explorformed calculation. Furthermore, the extracted individual
ing the composition space. There is considerable evidend€FE terms provide clear physical insight and guidance on
supporting rapid convergence from statistics for many othethe composition correlations contributing to the desired
problems where only low-ordefe.g., up to second order, physical and/or chemical properties. The illustrations in the
typically) multivariable variances are adequate, and recentlyollowing section are modest in complexity, but they do sup-
the fast convergence of the CFE has been observed in atmpert this key low-order CFE convergence behavior already
spheric researcH. This paper also shows that the CFE takendemonstrated in other physical systems of very high
to just first order can provide good accuracy to describe thelimensions.
composition variation of the energy band gaps of the alloys
Ga,Ini-PsAs; 5 (Ref. 10 and Galn;_PsSbAs, 45 , Ill. APPLICATION TO THE Ga ,In;_,PsAS, g
(Ref. 15 based on the UTB model. AND Ga,In;_,PgSh,As;_pz_, ALLOYS

Operationally the material propert§(X) at an arbitrary i . i
point’X in the component space would be evaluated by pro- The mdependent. and correlated compos@on variable de-
jectingX onto the various contributing cutée., lines, sur- Pendence of the principal energy band g&ps the III-V
faces, volumes, etc.and performing the associated low- alloys(here, Galn;_PsAs,_; and Galn,_PsSbAs,_4_,)
dimensional interpolations on the cuts. The latterc@n be identified by applying the CRi Sec. 1) to the UTB

interpolations are extremely fast to perform. Although alloy Hamiltonian®°in UTB, the alloy Hamiltonian is rep-

sample cuts through a high-dimensional composition spacEesented by an effective matrix consisting of both ordered
are natural to consider, without the formal guiding structureand disordered composition-dependent components induced
of the CFE it would not be evident how to employ the cutsPy the atomic orbital interactiolf. The composition-
for a global determination of(X). dependent energy .band gaps are obtained _b_y dlagqnallzmg
The computational savings afforded by the CFE can eadhe alloy Hamiltonian matrix. The composition variables
ily be estimated. If the CFE converges rth order with _(a,,B,y) are embedded in the Hamiltonian matrix elements as
acceptable accuracy and considering a sampling obm-  INPUt parameters and the composition dependence of energy
position values in each variable, then the total number of@nd structure and band gaps are the output material proper-

operations needed to calculate the CFEdsnsidering the ties_ obtained through t_he Qiagonalization of the aIIc_>y Hamil-
number of correlated functions at each ojder tonian. The CFE application to the UTB theory will deter-

mine the band-gaf(«,B,y) dependence upon the material

m NI component variable§.e., a,8,y) through their independent
> oo (8L~ 4  (Eq.Eg.E,,...), pair- (Enp.Eg, Eay....), and triple-
k=0 T (Eup,) correlated actions with respect to the reference ma-

It was assumed that the cut center is at one of the sampld@rial at the cut centerd(,3,7).

composition values. When taking this result to the extreme The energy band gaps of the reference alloys
limit of the CFE requiring all terms up thith order, we find ~ G&ln1aPpAS, 5 and Gainy .PsSbAs, ;5 are obtained
that the total number of sampling operations & by fixing all the composition variables at the reference value
[=SN_[NU/(N—K)!K!I](S—1)¥]. This limit is exactly the (a,8,7) such tha€,=(H(a,B,7)), where(H) denotes the
exponentially difficult NP complete scaling that one would diagonalization of the Hamiltonian to obtain the band gap.
normally expect without consideration of the unlikelihood of The independent composition behaviok (Eg.E,) re-
finding high-order correlations. Therefore, the CFE can dd¢sponse to each composition variable with respect to the ref-
no worse thars" scaling, and on physical grounds we expecterence material is determined from H) as follows:E,

a dramatic savings with evidence suggesting th&tN. For =(H(«,8,7))—Eg, etc. In the same manner, the pair- and
example, consider arN=8 variable physical system triple-correlated composition behaviorg fg,....E,z,) can
sampled withS= 10 points per variable and assume that thebe obtained from Eq(3) such thatE,;=(H(a,8,7))~E,
CFE yields acceptable convergen@eg., to a few percent — Es—Eo, andE,g,=(H(@,8,%)) ~Eup—Eny—Ep,—Ea
error as indicated in Sec. Jlat second order, then the ratio — Es—E,—E,, etc. The total composition dependence of an

of the computational effort of CFE to that of conventional energy band gap is expressed by the CFE in(Byas
NP scaling is

2N E(af,)=Eot 2 E+ 2 Ej+Eupy.
E (S_l)k / {SN}~1O_5 i=a,py i<j=a,B.y
= — k) k! )
o (N=k)tk! If the CFE operation is taken up téth order(cf. N=2 or 3
Thus, the CFE operation can render the original exponerfor the two alloys treated herethe energy band gap exactly
tially difficult computations down to a problem of only poly- €quals that of the UTB model. There is Bq, term for the
nomial complexity. The substantiation of this dramatic com-N=2 alloy and the expansion is exact at second order in that
putational savings could have a profound impact on materig¢ase. .
design efforts at finding new materials in the laboratory. An-  In order to examine the convergence of the CFE umio
other measure of savings is the cost of calculating the matedrder E™), we define the CFE partial sums
rial property at a new poink by the CFE relative to the
effort by the electronip str'uctural code. The savings here can E'=E,, El=E,+ 2 E,
be equally as dramatic, since the CFE evaluated at low order =By
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TABLE I. Independent and correlated composition band-gap behavior ght3P;SbAs; 5 ,. The
calculated independent(, ,Ez,E,), pair- (E.z,Eg,,E,,), and triple- E,4,) correlated values and the
zeroth- E°), first- (E'), and second-orderE¢) CFE results along with the UTB valueE(g) for the
principal energy band gaps at three different compositiens,y) for the Galn,_,PsShAs;_,_, alloy [a
E(0,0,0)“’]/0\3, bE(OZ, 02, OZ)G@zlnogpozstbzASOG, andCE(04, 04, 04)G@4|n06P04Skb4A502-|

All units are in eV.

f:Gap E, Eg E, Eup Eg E., Eu.s, E° E? E2  Eyms

all'  —0467 —-0332 0161 0074 0.077-0.047 0.075 0.830 0.192 0.296 0.370

alLl  —0.210 —-0.208 0.212 0.054 0.039 0.035 0.028 1.553 1.347 1.475 1.502
a:X 0.055 0.079 0.233 —0.072 —0.004 0.042 0.063 1.884 2.251 2.217 2.280
b:I'  —-0.310 -0.122 0.037 0.009 0.009-0.017 0.005 0.830 0.435 0.436 0.441

b:L  —0.138 -0.075 0.060 0.011 0.005 0.001 0.002 1.553 1.400 1.417 1.420
b:X 0.024 0.026 0.067 —0.012 ~0 0.003 0.004 1.884 2.002 1.992 1.996

c.T —0.114  0.134 —0.021 ~0 0.01 0.009 0.002 0.830 0.829 0.847 0.849
c;L —0.050 0.078 —0.049 —0.004 0.004 0.002 0.002 1.553 1.533 1.535 1.537
c:X 0.005 —0.025 —0.056  0.003 ~0 ~0 0.002 1.884 1.809 1.813 1.814

E?=E,+ >, E+
i=a,B,y

2 Ey,

i<j=a,By

etc. The absolute fractional erref" at an arbitrary point
=(a;,Bi ;) for the mth-order CFE in relation to the true
model output valueéE; is defined as]"=|E™—E(«;,8i,7i)
|/E(a;,Bi,vi). The average erroref,) over the whole com-
position variable space is

all space

€=(1n) X €,

tions of the Galn,_,PsSbAs, ,;_, alloy along the[1,1,1]
variable direction from the origi0,0,0. The absolute mag-
nitude of the independenk(), pair- (Ej;), and triple- €;j)
correlated contributions to the energy band gaps generally
decreases with order such tha;|>|E;;|>~|E;;|, while
their sign(+ or —) indicates that the contribution accord-
ingly acts to increase or decrease the band gaps. Also, the
values predicted by the CFE are excellent even at first order
especially as the composition variable gets close to the cut
center. The CFE converges rapidly to accurate values in all
cases with the exception of tfigI") gap at thg0,0,0 com-
position, but even here the accuracy is better than 80% at

wheren is the total number of compasition grid points in the second order. In general we find that although there are some

variable space: in the present cases=121 for
Ga,n,_,PsAs, 5 andn=726 for Galn,_,PsShAs, 4 ..

isolated regions of moderate accuracy, the average error over
the entire composition space for all the band gaps is excel-

The average error provides an overall measure of the convefent (cf. Table Il discussed latgr

gence of the CFE.

IV. RESULTS AND DISCUSSION

Figures 1 and 2 display examples of the independent and
pair-correlated  composition  contributions  for  the
Ga,n;_,PsAs,_gand Ggln,_,PsShAs, . alloys. Figure
1 shows that the components acting independeingy, the

The energy band structure and band gaps at arbitranygividual action of Ga, P, and Sb in the alloysay differ-

component compositions for Ga;_,PsAs;_5 (N
=2;a,B) and Ggln,_,PsSbAs, 5 , (N=3;a,8,7) have

ent roles for the distinct band gaps: in some cases the energy
gaps increase while in other cases they decrease, and gener-

been calculated by the UTB method. Applying the CFE tog|ly nonlinearly, with component fraction. The independent
the UTB model revealed the Independent and correlated b%ehavior depends on the type of band gap and the Specific

havior of the three principal energy band gapg¢I’), E(L),

composition region. A noticeable feature of the independent

and E(X)] for both systems. The TB parameters and bonthehaviors is that they are not linear. Linear variable behavior

lengths for the six constituent binaridsP, InAs, InSb, GaP,

has been often assumed in many approximations such as the

GaAs, and GaSbwere taken from Refs. 10, 16, and 17. The yirtual crystal approximationVCA). However, extensive
cut center was chosen to be roughly in the middle of theaxperimental reports on the band-gap variation for the I11-V

composition variable space, so that,)=(0.5, 0.5) for
Ga,ln;_,PeAs; 3 and  (a,8,79)=(0.5,03,03) for
Ga,n,_,PsSbAs; 5 ,. Although picking the center of the

ternary alloys AlGa _,As,

Gagln;_,P, InGa_,As,
In,As,_,P, etc. exhibit nonlinear bowing behavfst The
E(I") band gaps of the In ,Ga,As and InAs_zP; ternary

space is reasonable, little sensitivity was found with respecalloys predicted by the first-order CFE are plotted in Fig. 3,

to the choice(i.e., the CFE is invariant to the choice at full respectively,

as theB=0 or a=0 Ilimits for the

convergence Each order of CFE expansion was tested oveiGg,In;,PgAs; g alloy. Comparing the calculations with the
the entire range of composition space as discussed above.experimental data in the figure shows that there is excellent
In Table I, the independent, pair-, and triple-correlatedagreement for the In ,Ga,As alloy and good agreement for

composition behaviors of the(I'), E(L), andE(X) band

the InAs_ 4Pz alloy. These results support the quality of the

gaps predicted by the CFE are shown and compared with theTB calculations and show that the first-order CFE is suffi-
true UTB output model value for three sampled composicient to represent the band gaps to good accuracy. In the
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TABLE 1. Overall percent accuracy (£e™)x100% for the band gaps from the zeroth-, first-, and
second-order CFE predictions over the entire composition variable space.

(1-¢€) (1-€Y) (1-¢€)

Alloy system Gap  X100(%) X 100(%) X 100(%) Reference@V)?

r 53.6 95.4 100 E°(I')=1.218
0.37<E(I')<2.88

Ga,In;_ PeAS; 4 L 87.6 98.2 100 E%(L)=1.905
1.60<E(L)<2.72

X 96.5 98.5 100 E°(X)=2.071
1.97<E(X)<2.18

r 27.8 90.0 94.8 E%(T")=0.830
0.25<E(I")<2.88

Ga,In;_,PsSbAs 4, L 82.9 97.3 97.9 E°(L)=1.553
0.97<E(L)<2.72

X 93.8 98.3 97.7 E°%(X)=1.884

1.69<E(X)<2.28

&The reference value and range of the band gaps are indicated.

UTB model, the independent composition behavior of thePosition region and band-gap typ(I"), E(L), andE(X)].

energy band gaps can be analyzed with respect to the refer- Examples of the pair correlated composition behaviors are
ence material, in which the nonlinearity of the band gap isShown in Fig. 2. These pair terms are associated with
induced by the atomic orbital electronic interaction of theS€cond-order atomic orbital interactions between the compo-
disordered units through bond alternation. The addition of SE€Nts already disordered through bond alternation. They will

on the anion site in the alloy leaves the independent behavii%ﬁi)%ssti ttir(;i igngg;t'eogéb;gg ggyrgl;?elcei;ﬁ;aii ?J:Jrggt'gfn tﬁ‘;
of Ga and P similar to that found in thi¥=2 case. The band-gap bowing. The correlated function surfaces have con-

bar)d-gap response_to the total action of all t'he 'ndepende@ﬁderable structure according to the combination of variables,

variables could be simple or complex depending on the COML - tiable range, and band-gap type. Comparing the correlated
behaviors forN=3 with that for N=2, we notice that the
absolute magnitude of the correlated behavior decreases with

@ ®) the addition of the Sb component. This result implies that

0.15 generally the independent component behavior in the
0.1 (a) (b)
N Y
2 2 005 energy(eV) energy(eV)
5 5
3 3 0 0.3 0.08
5 g \ 94 0.04
0.05 | N o) 000
) 33 008
] o1 03 :
0 1 0
GaorP Gaor P
(c) (d)
15 0.3
1 02 [ E (c) (d)
3 3 )
= e = energy(e
5 osf /7 5
> S @
] . §
[Vl -
0.5 0.2
0 1 o 1
Gaor P or Sb Ga or P or Sb

FIG. 1. Examples of independent composition behaviar;
Ei(I') for the Galn;_PsAs, 5 alloy, (b) Ei(X) for the FIG. 2. Examples of pair-correlated composition behaviay;
Ga,In,_,PgAs;_gz alloy, (c) Ei(I') for the Galn,_,PsShAs, 5, E, p(I') for the Galn,_,PsAs, 4 alloy, (b) E,gz(I') for the
alloy, and(d) E;(X) for the Galn,;_,PsSbAs,_;_, alloy. Here,i Ga,In;_,PsShAs, ;5 , alloy, (c) Eg/(L) for the
=Ga is the solid linej=P is the dashed line, and=Sb is the  Ga,n;_,P;SbAs, ; , alloy, and (d) E,,(X) for the
dotted line. Ga,In;_,PsShAs, 4, alloy.
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all the band gaps with a first-order CFE the gap standard

@ b) deviations(not shown are quite small over the entire com-
1.6 16 position range. Considering all the band gaps over the full
1.4 composition space, it was found that the pair and trifbe
o 12 < N=23) component correlations contribute 5-10 % an@s,
3 ; e respectively. The accuracy of the first-order CFE depends on
5 e the range of variation of the output material property; i.e., a
u“cj 08 i smaller range yields better accuracy at any particular CFE
0.6 order. In one isolated locatiotx~1 andy~1) we found
04 that theE(X) band gap for the second-order CFE had lower
02 accuracy (~80%) than the first-order CFE. This results in

InAs GaAs InAs InP the average error at second order in Table Il apparently
showing no improvement over first order; however, in most
FIG. 3. The compositioiE(I") gap variation by the first-order Of the other regions the accuracy of the second-order CFE is
CFE (solid line E! for the ternary alloys(a Ga,n,_,As, (b) improved over the first-order CFE.
InPAs; _ z compared with the experimental d4®) (Ref. 6. In order to examine the role of the cut center upon the
average erroke, we performed another CFE for thé=2
Ga,In,_,PsSbAs,_, . alloy (N=3) is more dominant than case by taking the cut center off to one side(@0). The
in the Galn,_,PsAs; ;4 alloy (N=2). This observation average accuracy with the first-order CFE was approximately
holds, despite the fact that there are more second-order terr@9% forE(I"), 95% forE(L), and 97% forE(X) band gaps.
for N=3 thanN=2. The absolute magnitude of the corre- These results are only slightly less accurate than those found
lated behavior increases when moving further away from théor the more natural cut center €.5, 0.5 throughout the
cut reference frame and similar effects are evident in thdull variable space. Thus, the choice of cut center is not a
independent behavior plots. Note that along any of the cutéfitical issue, but as expected better accuracy was found in
the associated second-order surfaces are zero. This propeHfie Vvicinity of the cut center for either cabe.g., near(0,0)
indicates that the CFE should be very accurate around thw@here the composition is InAsConsidering both of these
cuts and especially the cut center. The exact value of a pai€ut centers, the independent and pair composition correla-
correlated contribution depends on the particular variablegions contribute approximately 90-95 % and 5-10 %, re-
their region, and band-gap type. The independent contribuspectively, to theE(I") band gap in the Ggn;_PsAs; g
tions of the first-order terms can either reinforce or detracglloy (N=2). In practice a particular cut center would likely
from what is found in the second-order terms. By examining?€ chosen around a known interesting alloy composition for
the collective behaviors of all the terms one can deduce ththe desired material property.
various combinations of components that give desirable ma-
terial propertieghere, the band gapThis type of composi-
tion identification is a very important issue for these semi-
conductors as well as for other analogous materials The CFE was presented to identify the role of indepen-
applications:! . dent and correlated composition variations upon a desired
The average percent accuracy;{&™) X 100% defined in material property. It was successfully applied to compute
Sec. lll is shown in Table Il. The results for the averagethe energy band gaps for the (& ,PAs, 5 and
accuracy versus CFE orden=0, 1, and 2 for theE(T), Ga,n,_,PsSbAs, ;. alloys. The contributions of inde-
E(L), andE(X) gaps give a simple global measure of the pendent and correlated composition behavior to the principal
CFE quality. Excellent accuracy=90%) occurs in the vi- energy band gapgE(I"),E(L),E(X)] for these two alloys
cinity of cut center even for the first-order CFE, but largerare obtained by applying the CFE to the UTB Hamiltonian
errors(more than 10%occur around the edge of the variable model. From these investigations, we found the following.
space even for the second-order CFE. For thdgl) The independent component behavior is not lingay.
Ga,n;_,PsSbAs; ; , alloy (N=3), theE(I") gap shows The band gaps in the region around the cut center were pre-
the most dramatic improvement order by order when we conéicted well by the first-order CFE to over 95% accura@®).
sider the wide range of th&(I') gap variation[0.25 The average accuracy was90% over the entire composi-
<E(I')<2.88] over the entire composition space. The tion space for both alloys at just the first-order CFE. Thus,
zeroth-, first-, and second-order CFE for tB€l") gap pre- the first-order CFE is generally sufficient to represent the
dicted the UTB values with an accuracy 28%, ~90%, material band-gap propertiggl) The pair-correlated compo-
and~95%, respectively. Thus, the band gaps can be rapidigition behavior for the Gan,_,PzAs; g alloy (N=2) is re-
predicted over a wide scale by a low-order CFE to very goodiuced by adding the Sb component in the anion[sige, for
accuracy. This is a very important aspect of the CFE wheithe Ga|ln,_,P;Sb,As,_;_, alloy (N=3)]. (5) The contribu-
we consider that the computational savings of approximatelyions of the independent, pair, and triple composition corre-
factors of 6 forN=2 and of 40 forN=3 result from using lations were approximately at the levels-e80%, 5-10 %,
the first-order CFE. Furthermore, for alloys with large num-and ~3% in the Ggln,_,P;SbAs;_;_,, alloy over the en-
bers (N>1) of components the computational savings cartire composition spacg6) All the independent and corre-
be dramatic as indicated in Sec. Il. For théL) and E(X) lated behaviors have some variability according to the com-
band gaps, the CFE reproduced the UTB values over the fullination of components and band-gap type, but some similar
space to 97—-98 % accuracy even at the first-order level. Fdyehavior could be identified. As argued in Sec. Il, the CFE
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can greatly accelerate an exploration of the full compositioring a library for various application@aturally, the reliability
space of the material. A related issue is the cost of evaluatingf the CFE materials property predictions will depend on the
the CFE at a new composition val(iee., through interpola- quality of the wave functions making up the librarympor-
tion among the stored CFE terings that of calculating that  tantly this library would have selected members designed by
composition by performing another electronic structure cal-CFE concepts rather than a random sampling of the full
culation. In the case of the UTB model and the second-ordespace. Furthermore analogous tools can be applied directly in
CFE, the savings by the CFE per evaluation was severghe |aboratory to aid in the systematic identification of new
orders of magnitude. Such savings open up the possibilitiegaterialst®
of systematic materials searches that were previously very
difficult to perform.
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