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Measurements of the short-range-order (SRO) diffuse scattered intensity show peaks at the (1-0)
and (100) points in NisV and PdsV, respectively, although the stable ground state in both systems
M. ean-field
theory predicts (1 —0) SRO in both materials, in
(D02&) is a (1-0)-type structure
contradiction with experiment for PdsV. The (100)-type SRO in PdsV has been explained previously as a non-mean-6eld e8ect. Via a combination of 6rst-principles total-energy calculations and
Monte Carlo simulated annealing, we show that non-mean-6eld efFects are insuKcient to explain
the observed SRO of Pd3V. However, the inclusion of electronic excitations leads to a temperature
dependence in the interaction energies which correctly explains both the SRO and phase stability
in Pd3V and Ni3V.

The isoelectronic alloys Ni3V and Pd&V both undergo
an order-disorder transition between a low-temperature,
long-range-ordered
(LRO) DOz2 structure characterized
by (1 &0) Bragg diffraction spots and a high-temperature
disordered state.
Experimental measurements ' of
short-range-order (SRO) difFuse scattered intensity in the
disordered state have shown peaks at (120) for NisV,
while surprisingly,
PdsV exhibits peaks at the (100)
points, normally associated with L12-type LRO. This latter case is in direct contrast to the mean-field theory of
SRO, which equates the dominant wave vectors of SRO
with those of the LRO.
This complete and qualitative failure of the meanfield theory was pointed out by Solal et at. , who offered a non-mean-field (cluster variation method) explanation for the observed SRO in Pd3V. These authors
studied the problem in the context of an Ising model
with first- and second-nearest-neighbor
pair interactions,
J2 and K2, showing that for J2 and K2 positive and
K2/ J2 (( 1, there exists a "region" in which the LRO of
the (1 i 0) type can coexist with SRO peaking at (100).
In contrast, a mean-field solution to the same problem
yields no such region. This non-mean-field region is illustrated in Fig. 1(a), in which the normalized SRO of
type k is plotted as a function of the energy difference
AE = E(Llz) —E(DOz2), normalized by J2. The diffuse intensity due to SRO, was calculated here by Monte
Carlo simulated annealing (to be described below). In
Fig. 1(a), the non-incan-field region ranges between the
vertical solid and dashed lines, and just as in the cluster variation calculation of Solal et al. , the range of
0
+0.08 affords the opportunity of (120)AE/J2
type LRO coincident with (100) SRO. The existence of
such a region would appear to provide an explanation
for the observation of (100) SRO in PdsV in terms of
non-mean-field behavior. However, first-principles, fullpotential electronic structure calculations, based on the
local density approximation
(LDA), directly give the
value of AEi, D~ (Ref. 4) for both materials, as shown
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in the first line of Table I. When these values are combined with the calculated values of J2 for each system
(details of these calculations to be given below), the values of ZELDA/Jz (third line of Table I) fall mell outside
the non-mean-field region [Fig. 1(a)] for both systems.
To avoid the restriction of Solal et al. to two pair interactions, we have extended these calculations to include
first- through fourth-nearest-neighbor
pair [Fig. 1(b)] and
Although the region in
triplet [Fig. 1(c)] interactions.
which mean-field theory fails may widen with these more
extended interaction sets, still high precision LDA calculations place both M3V systems well outside this range.
Thus, accepting the AEgDJJ, values, non-mean-Geld effects are insuflicient to explain the observation of (100)
SRO in Pd3V, as both Monte Carlo and mean-Geld give
(120) SRO for these values of AEi DA.
We show here that the previously neglected Gnitetemperature electronic excitations reduce the energy difference between the 112 and D022 structures as temperature is increased. We present the results of calculated SRO for Ni3V and Pd3V from Grst-principles, totalenergy LDA computations coupled with a simulated annealing calculation of the SRO, in which electronic excitations are included. These excitations, when coupled
with a non-mean-Geld method for calculating the SRO,
account for both the qualitative and quantitative detail
of the experimentally observed SRO in both Ni3V and

PdaV.
To compute the SRO for the M~V systems, we first
define an Ising-like model, in which each atom of the
alloy is assigned to the site of an ideal lattice (fcc, in this
case), and the variable 9, is given the value +1 ( —1) if an
A (B) atom is assigned to site i Within th. is description,
the energy of any configuration of atoms (denoted by cr)
can be written in a cluster expansion (CE):s
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is a figure comprised of several lattice sites (pairs,
triplets, etc. ), D/ is the number of figures per lattice site,
Jy is the Ising-like interaction for the figure f, and II/
of
is a function defined as a product over the figure
the variables S;, averaged over all symmetry equivalent
figures of lattice sites.
In this paper, we calculate Jy using the "total-energy
in which a set of total energies
inversion method"
(Et,DA) is used to fit a smaller set of interactions energies, (Jy). We use fully relaxed, linearized augmented
plane wave (LAPW) calculations and unrelaxed, linear
muffin-tin orbital (LMTO) calculations to obtain the interaction parameters for Ni-V and Pd-V, respectively.
For Ni-V (Pd-V), we have used 24 (18) structures and
12 (14) interactions in the fit. We include pair figures
where

f

TABLE I. T

=

0 K total energy differences {I12 minus
LAPW calculations {AELn~) aud
by the cluster expansions described in the text {b,Eoa). All
energies are in meV/atom. The LAPW calculated densities of
states at the Fermi level, n~, are given for the lq and DOqq
structures in {Ry) atom, as are the coetficients of Eq. (5),
. Monte Carlo (MC) calculated aud experiA«aud As
mental transition temperatures are given in degrees Kelvin.
DOqq) as given by direct
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which extend to the fourth-nearest-neighbor
fcc distance,
as well as triplet and quadruplet figures. The CE values,
AEQE, (second line of Table I) compare favorably with
the LDA energies ZELDA (first line of Table I).
The interactions are used in Eq. (1) in conjunction
with Monte Carlo simulated annealing. " This gives (i) the
T = 0 K ground state structures (from a simulation of a
finite-size cell at a temperature where all configurational
changes proved to be energetically unfavorable), (ii) the
SRO and (iii) the order-disorder transition temperature,
T, . We use a system size of 16 = 4096 atoms with
periodic boundary conditions.
We find for both Ni3V and Pd3V that the T = 0 K
ground state structure is D022, in agreement with the
experimentally assesseds phase diagrams. The WarrenCowley SRO parameter for the nth atomic shell is
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FIG. 1. Model calculations of the normalized SRO intensity B{k) as a function of b, E/Jq with {a) first- aud second-neighbor pair, {b) first- through fourth-neighbor pair, aud
(c) first- through fourth-neighbor pair aud triplet interactions.
The squares and circles indicate the Monte Carlo results for
R{100) aud R{1—0), respectively. In {b) aud (c), the interactions were chosen at random such that uo interaction (except
Jg) have magnitude greater than 0.2 Jq aud all interaction sets
have as ground states either Llq or D02q. The vertical solid
{dashed) lines delineate (1 —0) from (100) LRO {SRO).

= (llo, —q )/(1 —q

)

(2)

where q = 2x —1. The Fourier transform of Eq. (2),
cxsRQ(k), is calculated using 500 Monte Carlo steps to
equilibrate the system and subsequently, averages are
taken over 50 Monte Carlo steps. Twenty atomic shells of
rxsRQ(n) are used in the calculations of Fig. 1, whereas 35
and 10 shells are used for Ni3V and PdaV, respectively,
these latter two cases being dictated by the number of
experimental SRO parameters reported. As can be expected &om Fig. 1, our Monte Carlo calculated SRO,
a(k), using the LDA determined interaction energies J/
produces (120) peaks, consistent (via mean-field theory)
with the ground state symmetry, but in confiict with the
experimental SRO for Pd3V. The changes required in
AEz, DA to obtain the correct SRO symmetry are well outside our computational errors. Furthermore, all efFects of
a configurational nature, (long-range order, short-range
order, configurational entropy) have been accounted for
properly in the Monte Carlo simulations and hence are
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already accounted for in the non-mean-field region of Fig.
1. These configurational excitations, therefore, may not
serve as the resolution to the contradiction, but rather,
some excitation which does not change the configuration
must be explicitly addressed.
The inability of the I DA-based CE to produce the experimentally observed SRO for Pd3V may be resolved by
realizing that the LDA energies (and hence, the sets of
Jf) are pertinent to T = 0 K, while the SRO is necessarily measured at a temperature above the order-disorder
transition. One temperature-dependent
effect which is
not configurational in nature is the free energy associated
with electronic excitations. According to the Sommerfeld
theory, the electronic energy U, and entropy S, at temperatures low compared with the Fermi temperature (as
in the SRO experiments) are quadratic and linear functions of temperature, respectively, and in particular, the
differences of these two quantities between the (100)-type
L12 and (120)-type D022 structures are given by
~

~

A U, i (L12

—D022,'T) = (n /6) k~ T

AS, i(L12 —D022', T) =

(vr

An

F,

/3)k~TAny,

= ns (Ilq) —n~(D022) is the difference in
densities of states (DOS) at the Fermi level, Es, between
the L12 and D022 structures. The T = 0 K energy difference AE~E between L12 and D022 is now replaced by
difference
thy temperature-dependent
where An~
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energy differences of the problem, AE(L12 —D022) and
the ordering energy of D022. With this criterion, the
temperature dependence is included in a three- and fourbody interaction, Js and K4, respectively. Using Eq. (6),
we first fit the observed SRO by adjusting the constant
A = Afit in Eq. (5). We will then contrast Afi, with
= ( vr —
its ab-initio value, As
/6)AnJ. from the Sommerfeld formula [Eq. (3)], using LDA calculated densities

of states, n~.
The calculated and experimental ' SRO for NiqV and
Pd3V are shown in Figs. 2 and 3, respectively. For both
alloys, the calculated SRO is shown both without and
with the effect of electronic excitations [i.e. , with A = 0
and A = Afit of Eq. (5)]. For NisV, both calculations
show peaks at the (120) points, in qualitative agreement
with the neutron diffraction
data. The intensities of
the calculated (120) peaks are 8.5 and 4. 1 without and
with electronic excitations, to be compared with the experimental value of 4.2. Thus, only when these excitations significantly reduce the T = 0 value of ZELDA does
one obtain a good quantitative agreement between calculated and experimental SRO intensities. At high temperatures, the energy AF(T) eventually changes sign. Thus,
the calculation of the Ni3V SRO with electronic excitations shows a shift of the peak position from the (1 -0) to

{100) points as temperature is increased. Also, with the
same values of JI(T) used to calculate the NisV SRO,
we are able to quantitatively
reproduce the measured
LNi

TAS
AF(T) = AECE+ [AU„—

i]

.

(4)

Thus, if the two structures have significantly different
DOS at Ey [with ny(L12) & ns(D022)], their energy
difFerence AF(T) will be much smaller at high T (where
SRO is measured) than at low T (where the ground state
is determined).
The densities of states at the Fermi
level as calculated from LAP% are listed in Table I for
both L12 and D022. In most cases, different structures
of the same composition have comparable DOS at Ey.
However, there is a huge disparity between nz(L12) and
n~(D022), leading to a significant electronic free energy
[Eq. (4)] at high T.
We wish to determine, in the spirit of a model calculation whether electronic excitation effects could explain
the qualitative failure of T = 0 cluster expansions to reproduce the correct (100)-type SRO symmetry seen in
PdsV. To do so, we parametrize Eqs. (3) and (4) as
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and equate this with a cluster expansion in the form of
Eq. (1). Electronic excitations thus lead to temperaturedependent interactions

Jf (T) = Jf (0) + Ag (k~T)
(Note that configurational excitations do not lead to
interactions. )
temperature-dependent
We choose to
project the temperature dependence only onto the interactions which are the most sensitive to the relevant
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FIG. 2. Experimental (Ref. 1) and Monte Carlo simulated
annealing calculated values of nsao(k) for NiqV ln the (hko)
plane. The black shading in the contour plots locates the
peaks in the SRO pattern.
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FIG. 3. Experimental (Ref. 2) and Monte Carlo simulated
annealing calculated values of asao(k) for PdsV in the (hk0)
plane. The black shading
peaks in the SRO pattern.

in the contour plots locates the

SRO of Ni2V. For Pd3V, the calculation without electronic excitations show large peaks at the (12i0) points,
in qualitative conflict with the neutron difI'raction2 data.
[Recall that this discrepancy is to be expected based on
the large value of b, Ei,DA/J2 (Table I) which falls well
outside the non-mean-field region of Fig. 1.] Thus, for
PdsV, the temperature dependence of Eq (5) is .necessary to produce calculated SRO in both qualitative and
quantitative agreement with the experimental SRO. The
strengths of the calculated (100) peaks are 1.0 and 3.7
(without and with temperature-dependent
interactions),
compared with the experimental value of 3.8, while for
the (1 20) peaks 4.6 and 2.3 are the calculated values, and
2.5 is that of neutron diffraction.
The values of the Btted A are compared in Table I with
the ab-initio Sommerfeld values, and for both alloys, the
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