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Experimental determination of pair interactions in a FeQ QQ4VQ $96 single crystal
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The short-range order in a Fep. 8p4Vp. yg6 single crystal at 1133 and 1473 K was measured using
neutron ditfuse scattering in the [100] and [110] planes. The data were used in conjunction with the
inverse cluster-variation method in order to extract the first five efFective-pair-interaction potentials
Vi to V5. The interactions obtained from the experimental short-range-order intensities are compared
with the results of difFerent theoretical calculations.

I. INTRODUCTION

Recent theoretical and computational developments in
alloy theory have made possible the nonempirical calcu-
lation of phase diagrams and, in general, the study of
phase stability strictly from first principles. In the case
of phase diagrams, the results depend crucially on the
values of atomic interactions which, in turn, are usually
obtained invoking numerous and different levels of ap-
proximations. At present, several methods aimed at ex-
tracting interactions have been proposed. Among the ap-
proaches most commonly used are the generalized pertur-
bation method, in which the interactions are obtained
by perturbation of the random alloy, and the method of
Connolly and Williams, which is based on the cluster ex-
pansion method. ' Some of these approaches have been
successfully used to calculate complete and relatively ac-
curate binary ~ and ternary phase diagrams. For
the specific case of the Fe-V system, phenomenological
models and electronic structure calculations have
also been used in order to obtain pair interactions.

Parallel to the theoretical studies, significant effort has
been devoted to the experimental determination of the
effective interactions in alloys. These studies have fo-
cused on the examination of single crystals in thermody-
namic equilibrium for systems where the phase diagram
is well known and relatively simple such as Cu-Au,
Ni-V 2 ' Pd-V, 2 ' 6 Ni-Cr 3 ¹iAl, ~~ and Fe-
Al ~2 34

The system investigated here, Fe-V, offers some in-
teresting aspects. First, the Fe-V phase diagram ex-
hibits a metastable B2-ordered phase extending around
equiatomic concentration. At low temperatures the sys-

tern transforms to a u phase, although the transformation
is sufIiciently sluggish so that the disordered-B2 transi-
tion is well characterized. We note that the presence
of the B2 phase is determined primarily by the effec-
tive pair interactions. Second, although some diffuse
intensity measurements have been carried out in Fe-V,
such measurements were performed using polycrystalline
material, or samples that were too small to provide ac-
curate data, or with samples that were not in thermo-
dynamic equilibrium. Thus, there is a need for accurate
diffuse intensity measurements in this system. Finally,
theoretical estimates of the effective pair interactions in
this system are available and, thus, comparison with
reliable experimental data would be desirable.

Here we describe high-temperature neutron diffuse
scattering measurements on a Fep Sp4Vp yg6 single crys-
tal. First we present a brief summary of the experimen-
tal procedure, followed by a description of the results in
terms of short-range-order (SRO) parameters. In Sec. III,
effective pair interactions are calculated using the inverse
cluster variation method and the results are discussed in
the context of available electronic structure calculations.
Concluding remarks are presented in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The sample, provided by Perrier de la Bathie (Greno-
ble, France), consisted of a cylindrical single crystal 3 cm
long and 5 mm in diameter oriented along the [850] di-
rection. The sample was annealed for 8 days at 1113 K
under a 10 Torr vacuum. Its composition, determined by
atomic absorption analysis, was 19.6 + 1 at. 'Fo vanadium.
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The diffuse intensity measurements were carried out
with the G44 instrument of the Leon Brillouin Labora-
tory. This two-axis spectrometer is equipped with 48
detectors placed every 2.5, between 8 and 128 . This
particular layout gave access to 48 reciprocal space points
of the Ewald circle situated on the scattering plane. By
rotating the sample in steps of 4', we scanned a large re-
gion of the scattering plane. For the incident wavelength
used (0.259 nm), the scanned region was contained be-
tween the circles of radii 0.35 and 2.1 reciprocal lattice
units (RLU), with a sampling mesh of 1600—2000 mea-
surement points. Three-dimensional information was ob-
tained by tilting the single crystal by 14 and 32, which
allowed measurements to be carried out on the (110) and
(100) planes, respectively.

The measurements were taken at 1133 and 1473 K us-
ing a high-temperature furnace located at the center of a
80 cm vacuum vessel. Placing the crystal under vacuum
results in significant reduction of the background inten-
sity. At the temperatures investigated, which fall above
the Curie temperature of the alloy, thermodynamic equi-
librium is reached within a second. 9 However, phonon
annihilation processes play an important role and an en-
ergy analysis is necessary in order to reject their contri-
bution to the measured intensity. This energy analysis
was performed using a time-of-Qight system. Moreover,
in Fe-V, a small critical magnetic scattering contribution
is expected which, however, can be also eliminated by
the time-of-Hight analysis. Typical time-of-Hight spectra
are shown in Fig. 1. Due to the long incident wavelength,
the dominant process is phonon absorption, except in
the close vicinity of the Bragg peaks. Thus, the spectra
show inelastic scattering essentially on the high-energy
side (left side of Fig. 1). This background intensity was
eliminated using an exponential function superimposed
onto the typical trapezoidal form of the elastic contribu-
tion, which was obtained measuring a vanadium probe at
room temperature. The points containing both creation
and absorption of phonons or visible magnetic critical
contributions were discarded.

The scattering cross sections were deduced from the
area of the elastic contribution with standard corrections
for instrumental background (empty furnace) and multi-

300

pie scattering. Calibration was carried out by compari-
son with the incoherent scattering of a vanadium probe
having the same shape, dimensions, and position in the
furnace. Some detectors gave erratic results near the
polycrystalline peaks of the furnace and, therefore, the
corresponding data points were eliminated.

The Debye-Wailer factors were evaluated using short-
wavelength neutron diffraction performed on a powder
sample of the same composition as the single crystal. A
cryostat (5—300 K) and a vacuum furnace (300—1200 K)
were used to scan a large temperature range (Fig. 2). The
obtained Debye-Wailer factors were extrapolated to the
temperatures at which the scattering experiments were
conducted to correct the SRO intensity data for thermal
attenuation.

The absorption corrections were evaluated by approx-
imating the sample to a vertical cylinder with the same
cross section. Since the linear absorption coeKcients of
Fep Sp4Vp y96 and vanadium are similar and since their
cross sections appear as a ratio due to the normalization
of the sample cross section by the vanadium one, the
corresponding final correction is not large.

The incoherent scattering of the sample was calcu-
lated using o,.„',= 0.40(ll) barn and o,„,= 5.08(6)
barns for the incoherent scattering cross sections of Fe
and V, respectively. Hence, for the alloy we have
a,„,= 1.32 + 0.15 barn. The Laue cross section is
4m', „,——1.914 + 0.08 barn where Eg

„
is the usual

normalization factor given by Fg „,= c(l —c)(bv —bF, )
with c the vanadium concentration, and bv and bF, the
coherent scattering lengths of V and Fe, respectively. The
incoherent scattering is thus expected to be 0.69 + 0.11
in Laue units (LU).

III. SHORT-RANGE-ORDER PARAMETERS

The experimental cross sections at the two tempera-
tures investigated here are shown in Fig. 3. Although
there is a noticeable decrease in SRO with temperature,
SRO is still significant at 1473 K. The measured intensity
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FIG. 1. Typical time-of-Bight spectrum in Feo.8O4VO»6
and the corresponding fit: The inelastic contribution and the
total cross section obtained in the fit are shown in dashed and
solid lines, respectively.
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FIG. 2. Temperature dependence of the coefBcient
B (A. ) used for the Debye-Wailer attenuation factor
[exp( —B sin 8/A )j. Values obtained from the Bragg peaks
of a Feo.804V0. 196 powder (o) and final values used in the cor-
rection of the SRO intensity ( ).
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FIG. 3. Corrected experimental intensities and calculated ones in the [110] (a), (c) and [100] (b),(d) planes, at 1133 K (a), (b)
and 1473 K (c),(d). In each panel, the simulation (down left) has to be compared to the measurement taking into account the
symmetries of the plane.
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is mostly concentrated near the [100] and [111]equivalent
points and, within the experimental errors, the intensity
is zero at [2 2

—]. The static displacements are small, giv-
ing rise to a weak asymmetry of the diffuse peaks.

The cross sections were analyzed using the Borie-
Sparks formulation. In terms of the measured scatter-
ing cross section, with corrections for temperature atten-
uation given by the Debye-Wailer factor B, the corrected
intensity in Laue units is written

lattice site Rp ——
2 (pq, p2, ps), where p stands for the

set of integers {pq,p2, ps), the corrected intensity at the
reciprocal space point k = z (hj, h2, hs) is given by

I, „(k)= n(k) + ) h, Q;(k) +I;„„
i=1

where n(k) is the SRO contribution, the Q, (k) are related
to the Fourier transform of the atomic displacements, and
I;„,is the incoherent scattering per atom in Laue units.

The SRO intensity is given by the Fourier transform
of the Warren-Cowley SRO parameters o.&..

where N is the total number of atoms.
Up to first order in the atomic displacements uz at

n(k) = ) n~ cos(k R~), (3)
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with the Warren-Cowley SRO parameters defined by

0()0'p — C7()

1 —(o. )2 (4)

Q(k) = ) ~p sin(k Rp).

In turn, the displacement parameters pp are defined by

I

where (Au ) is the average relative displacement be-
tween atoms of type 0 and c7' (i.e. , Fe or V) separated
by R~, and where p2 ~(pro') is the probability of finding
atoms o and o' at a distance Rp. We note that these
probabilities are c2 + c(1 —c)n~, (1 —c)2 + c(l —c)o.~,
and c(1 —c) —c(1 —c)n~ for V-V, Fe-Fe, and Fe-V pairs,
respectively.

A set of Warren-Cowley SRO parameters and of first-
order displacement parameters were fitted to the cor-
rected data using a least-squares procedure with a weight
inversely proportional to the square of the experimental
error LI. Thus, the residual error to be minimized is

(Imeasured Icajculated)
X 2Nfreedom+I

where o. and cr& are occupation operators at the origin
and site p, respectively. These occupation operators take
values 1 or —1 if the lattice site is, respectively, occupied
by Fe or V atoms, and the brackets ( ) stand for config-
urational averages.

The quantities Q(k) = [Qi, Q2, Qs] in Eq. (2) are given
by the first-order displacement parameters p&.

different in the two cases. 4 To take into account a pos-
sible difference between the applied correction and the
real Debye-Wailer attenuation (hB), we added in Eq. (2)
a term of the form hjjk (development at the second or-

der in hB of the term eI+" i' I) of Eq. (1) and fitted
bo to the experimental data. The Debye-Wailer factor
[B in Eq. (1)] was corrected until the value of 6O result-
ing &om the fit was zero. The corresponding values of
B are shown as squares in Fig. 2. As expected, they
are somewhat lower than the values measured from the
Bragg peak attenuation.

The values of the o. for each shell n are given in Table
I and in Fig. 5. In absolute values, the largest parameters
are o.i, a2, n3, and n5, with a strong repulsive parameter
between nearest-neighbor like atoms and smaller attrac-
tive ones between second, third, and fifth neighbors. The
signs of these SRO parameters are in agreement with the
nature of the pairs observed in the B2-ordered phase:
heterochemical first (pair of atoms 1 and 5 in Fig. 6) and
fourth neighbor (1 and 6) pairs, homochemical second (1
and 2), third (1 and 3), and fifth (1 and 9) neighbor pairs.

We note that the sign of o.2 is different &om that ob-
tained in previous studies. ' Since these previous mea-
surements were performed in the ferromagnetic state, the
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where freedom = Npoints Nvariab]es is the number of
degrees of freedom of the fit, and Np;„t, is the number
of experimental points (around 3000).

We have varied the number of shells for the SRO pa-
rameters up to 20, and those for the displacements up
to 8. The sensitivity of the results to the number of
SRO shells is shown in Fig. 4. Above 9 SRO parame-
ters, the residual error does not vary significantly and all
the calculated cross sections are qualitatively the same,
indicating that the parameters are stable. At 1133 K,
the diffuse signal is a little sharper with 20 shells than
with 9 shells whereas at 1473 K there is no difference.
With regard to the displacement parameters, all results
are stable above 3 shells. We will show and discuss the
results analyzed with 16 shells for the SRO parameters
and 3 shells for the displacement parameters.

As can be seen in Fig. 2, the powder Debye-Wailer fac-
tor determination is less accurate at temperatures above
1000 K as the measured peak intensities become very
weak at large angles and we have to use an extrapolation
to estimate the values of B at the SRO measurement tem-
peratures. Moreover, it is expected that the attenuations
of the diffuse scattering and of the Bragg peaks are not
equal in the presence of static displacements, since the
sign in &ont of the static Debye-Wailer contribution is
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FIG. 4. Sensitivity of the SRO parameters n, the constant
contribution nol, and the residual error y to the number of
SRO parameters in the fit.
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TABLE I. Experimental short-range-order and displace-
ment parameters at 1133 and 1473 K.

0.05

T = 1133K
C I I I I

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

1
2
3

1133 K

—0.0755
0.0349
0.0468

—0.0075
0.0244
0.0165

—0.0057
0.0094
0.0109

—0.0016
0.0003
0.0047
0.0004
0.0041
0.0118

—0.0015
'7n

—0.0204
0.0050
0.0012

0.0023
0.0026
0.0016
0.0015
0.0027
0.0019
0.0012
0.0012
0.0011
0.0014
0.0012
0.0016
0.0009
0.0011
0.0015
0.0008

0.0011
0.0021
0.0011

1473 K

—0.0468
0.0282
0.0201
0.0004
0.0124
0.0120

—0.0014
0.0022
0.0089

—0.0024
0.0016
0.0008
0.0028
0.0006
0.0081

—0.0026
yn

—0.0262
0.0103
0.0046

0.0017
0.0026
0.0016
0.0015
0.0026
0.0023
0.0010
0.0012
0.0010
0.0014
0.0009
0.0012
0.0007
0.0011
0.0016
0.0010

0.0012
0.0025
0.0012

-0.05

-0.10
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I I I I I I
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discrepancy is most likely due to the effect of magnetic
correlations. Furthermore, in Ref. 38, unlike the present
measurements that have been carried out in situ at high
temperatures, the samples studied were quenched from
1223 K and were not, therefore, in a state of thermo-
dynamic equilibrium. Finally, let us note that in Ref.
37 the sensitivity of the measurements was poor (e.g. ,
n2 ———0.023 +0.026) due to the small size of the sample.

The cross sections reconstructed using Eq. (2) are
shown in Fig. 3. Taking into account the experimental
errors (0.2 LU on average), the results of the simulations
are in good agreement with the experimental ones. The
diffuse intensity is nearly symmetrical around the [100]
and [ill] paints, which is indicative af the fact that the
displacement contributions are small in this case. This
is not surprising in view of the fact that the coherent
neutron scattering length of vanadium is small. Thus,
the Fe-Fe term in Eq. (6) provides the main contribu-
tion to the displacement parameters. However, relative
displacements of the Fe (matrix) atoms are expected to
contribute mainly to the variation of the average lattice
constant and not to the local distortions.

The constant contribution to the cross section, o.oy, is
the sum of the o.o ——1 term and the sample incoherent
contribution. Its expected value is thus 1.69+ 0.11 I U.
We obtain 1.94+0.01 LU at 1133K and 1.80+0.01 LU at
1473 K, which is quite in line with the expected value con-
sidering its error bar. Some authors ' attribute such a
difference to a bad evaluation of the number of atoms in
the beam and renormalize all the data. We consider that
there is no reason to apply such a correction as the rel-
ative departure (8/i) is of the order of magnitude of the
relative error bars on the SRO parameters. Moreover, as
the departure decreases with the temperature, this small

-0.10

020 e's in the fit
O 5 e's inthe fit

5
0

radius of the shell (A)
10

contribution can perhaps be attributed to some magnetic
short-range-order contributions.

IV. EFFECTIVE PAIR INTERACTIONS

In order to extract the efFective pair interactions from
the experimental values of the Warren-Cowley SRO pa-
rameters, we consider a simple Ising Hamiltonian for the
alloy in which the magnetic moments are localized on the
Fe atoms:

1
Ho = —) &' rrpa. p

p)p
1——) .4~ (1+~v) (1+~~ )Sv S~

p)p

where S~ = +1 is the spin at site Rp. In Eq. (8),
Vpp and Jpp are, respective ly, effective chemical and
exchange interactions between sites Kp and Rp~. Aver-
aging over the magnetic degrees of &eedom, the interact-
ing part of the alloy Hamiltonian can be written as

1H2: Vpp 0 pop
p~p

FIG. 5. Variation of the Warren-Cowley SRO parameters
with the distance.
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FIG. 6. Clusters used in the CRO approximation of the
cluster variation method: body-centered cube (points 1—5 and
9—12), octahedron (points 2—6 and 9), and the rhombohedron
(points 1—8).

where the effective pair interaction is

We note that, in terms of interatomic potentials between
difFerent chemical species, the effective interactions are
given by

[VFe-Fe + Vv-v 2VFe-v] (ll)

Thus, in the present model, the unknown magnetic
SRO is included in the effective pair interactions, which
now should depend on temperature. Furthermore, since
the product J~~ (S~S& ) in Eq. (10) is always positive,
the V&zl are smaller than the chemical interactions V', .

In order to extract these effective interactions from
the experimental difFuse scattering, we fitted the Warren-
Cowley SRO parameters using the inverse cluster varia-
tion method (CVM) algorithm proposed by Gratias and
Cenedese. 4 The CVM approximation used in the inverse
method includes three maximum clusters: the body-
centered cube, the eight-point rhombohedron, and the
octahedron shown in Fig. 6. In this approximation, which
we will refer to as the CRO approximation, we are able
to compute the first five effective interactions in the bcc
lattice. In particular, we note that the approximation
includes the fourth neighbor pairs, which have been ne-
glected in previous applications of the inverse CVM to
bcc lattices. ' The results of the inverse CVM applied
to Fep 8p4Vp yg6 at the two temperatures investigated are
presented in Table II.

It is apparent kom the results of Table II that the
efFective pair interactions vary appreciably with temper-

ature. As mentioned, this temperature dependence is
most likely due to changes in the magnetic SRO [see Eq.
(11)]. In the limit of high temperatures, however, the V
should tend to constant values as the magnetic SRO pa-
rameters (S&S& ) become negligible. This behavior has
been confirmed in a recent study of the Fe-Al system,
where the interplay between chemical and magnetic SRO
is also present. We note that the lowest temperature in-
vestigated here (1133K) is close to the Curie temperature
(Tc = 1073 K) of the Fep sp4Vp yps alloy. Thus, the effect
of magnetic SRO on the pair interactions should be sig-
nificant. On the other hand, the values of V obtained at
1473 K are expected to be closer to the high-temperature
limit.

A point of considerable interest is the comparison of
the effective pair interactions obtained from diffuse inten-
sity measurements and those calculated using electronic
structure methods. At present there are several elec-
tronic structure calculations for the Fe-V system.
In particular, the interactions calculated in Ref. 20 were
obtained without including spin polarization and, thus,
they should be comparable to the experimental interac-
tions derived here. The values of V calculated by Sluiter
and 'Ihuchi for Fe3V are listed in Table II, with the cor-
responding o. at 1473 K, obtained using the CVM, given
in the last column. We note that these effective interac-
tions were determined using the generalized perturba-
tion method and the coherent potential approximation
with a tight-binding Hamiltonian. Aside from the fact
that a tight-binding Hamiltonian is a questionable ap-
proximation, these authors have reported that for Fe-V
the effective interactions depend strongly on off-diagonal
disorder. Consequently, the results for V should be ex-
pected to be very sensitive to the choice of tight-binding
parameters.

It is apparent &om the results shown in Table II that
there are significant discrepancies between the V, or
equivalently the o. , obtained from the diffuse inten-
sity measurements and those calculated by Sluiter and
'Ihuchi. In particular, the electronic structure results
show a rapid decrease of the effective interactions with
distance, whereas this is not the case for the V derived
from the SRO intensity. More significantly, the value of
Vq (or of ~nq~) predicted by the electronic structure cal-
culations is much larger than the value derived from the
experimental data.

In order to further explore this discrepancy, we have
also calculated the SRO intensity at 1473 K using the
k-space formulation of the CVM developed by one of the
present authors. This k-space formulation of the CVM

TABLE II. Pair interactions for Fep.8p4Vp. yg6 from this work and for Fe3V from Ref. 20.

1133 K 1473 K Ref. 20

1
2
3
4
5

—0.0755
0.0349
0.0468

—0.0075
0.0244

V (me V)
9.8(0.4)

—1.2(0.6)
—4.6(0.4)
—1.2(0.4)
—1.9(0.5)

—0.0468
0.0282
0.0201
0.0004
0.0123

V„(meV)
8.2(0.6)

—3.6(0.7)
—2.9(0.5)
—1.2(0.4)
—1.5(0.5)

V„(meV)
23.0

2.2
1.0
1.5

—3.2

a.„(1473K)
—0.1082

0.0409
0.0271

—0.0179
0.0305
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FIG. 7. Short-range-order intensity at 1473 K calculated
using the A:-space formulation of the cluster variation method
(Ref. 46) with the effective interactions of Ref. 20 (dashed
line) and those obtained in this work (solid line). Also shown
are the experimental data ( ). The displacement contribu-
tion is shown in dotted line.

V. CONCLUSION

Diffuse scattering experiments provide a powerful ex-
perimental tool to study atomic interactions in alloys

provides a significantly improved description of the SRO
intensity over the more commonly used Krivoglaz-Clapp-
Moss formula. The SRO intensities calculated using
the interactions derived in this work (solid line) and those
obtained by Sluiter and Turchi (dashed line) are com-
pared to each other and to the experimental data (sym-
bols) in Fig. 7. The calculations were carried out in the
CRO approximation described previously and, therefore,
all five pair interactions are used. As it might be expected
from the results of Table II, the SRO intensity predicted
by the electronic structure calculations is also in sharp
disagreement with the experimental data. The discrep-
ancy is particularly noticeable around the maximum at
[100]. This excessively large value of SRO intensity at
[100] is due to the overestimation of Vi by the electronic
structure calculations. There are also discrepancies in
the general shape of the intensity, which are more likely
due to errors in the predicted ratios V /Vj.

The neglect of magnetism, as well as the shortcomings
of the tight-binding approximation, are likely sources for
the lack of agreement between the effective pair inter-
actions obtained from electronic structure calculations
and those derived &om the experimental SRO intensity.
Further studies based on spin-polarized and fully self-
consistent calculations may be required for a meaningful
comparison with the experimental data.

and, &om them, phase stability as a function of tem-
perature and composition. Furthermore, this type of ex-
perimental studies also provide a realistic assessment of
the quality and merit of the various theoretical models
and numerical calculations that have been implemented
over the last few years.

In the present study, the neutron diffuse scattering re-
sults for the paramagnetic phase of an Fe-V alloy indicate
relatively strong effective pair interactions that extend to
at least the fifth neighbor pairs. As a consequence, strong
statistical correlations are present even at high tempera-
tures which, for all practical purposes, preclude the anal-
ysis of the SRO diffuse intensity by means of the conven-
tional Krivoglaz-Clapp-Moss formula. Higher-order ap-
proximations, with the obvious computational penalty,
are called for. Here we have used a CRO approximation
of the CVM which allows us to extract up to fifth neigh-
bor interactions. We note that the commonly used body-
center-cube —octahedron approximation, which does not
include fourth neighbor interactions, ' is not adequate
for a fully consistent treatment of bcc alloys.

As expected, the analysis of the experimental data in
Fep 8p4Vp yg6 clearly indicates that near the Curie tem-
perature magnetic effects significantly affect the effective
atomic interactions and, thus, chemical short-range or-
der. Thus, a full analysis of the data that explicitly in-
cludes magnetic fluctuations would be desirable in order
to achieve accurate measurements of chemical and ex-
change interactions.

Finally, we have compared the effective interactions
obtained in this work with the electronic structure cal-
culations of Sluiter and Turchi and found significant
disagreement, both in terms of the absolute values and
in the general trends. A fl.uctuation study in k space us-
ing a very accurate CVM approximation also shows that
these calculated interactions are not in line with our ex-
perimental results. It is apparent that, in addition to
refinements in the experimental techniques and method
of analysis, improvements in the electronic structure cal-
culations beyond the tight-binding approximation will be
needed before satisfactory agreement is reached.
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