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Fe3Ni-type chemical order in Fe65Ni35 films grown by evaporation:
Implications regarding the Invar problem

K. Lagarec and D. G. Rancourt*
Department of Physics, University of Ottawa, Ottawa, Ontario, Canada K1N 6N5

~Received 18 November 1999; revised manuscript received 31 January 2000!

By use of Monte Carlo simulations of chemical ordering, magnetic ordering, and magnetovolume thermal
effects and by reviewing the known effects of chemical order in the face-centered-cubic Fe-Ni alloy system, we
show that the observations of Dumpichet al. @Phys. Rev. B46, 9258 ~1992!#, who report unique Invar-
composition Fe65Ni35 samples that exhibit Invar behavior despite being collinear ferromagnets with no devia-
tion from the Slater-Pauling curve, are consistent with the effects of varying degrees of Fe3Ni-type chemical
order, which in turn are consistent with the sample preparation and treatment methods used. This allows us to
make certain conclusive statements concerning models for Invar behavior and the nature of Fe3Ni.
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I. INTRODUCTION

Guillaume was awarded the Nobel prize in physics
1920 for his 1897 discovery of Invar, face-centered-cu
~fcc! Fe65Ni35.1 Since that time, the Invar problem has co
sisted in finding the correct microscopic mechanism for
Invar effect, a near-zero thermal-expansion coefficient t
persists in a broad temperature range near room temper
~RT!. Early models, such as Guillaume’s proposal that
proximity of the martensitic transition~at ;70 at. % Fe, RT!
must play a key role, were abandoned for models that
acknowledge the essential role of some aspect of Inv
magnetism but that are very different from one anoth
These have included: the two-g-state model of Weiss,2 the
weak itinerant ferromagnetism model of Wohlfarth,3 and a
local moment model known as latent antiferromagnetism.4 A
high degree of sustained interest in the problem is evid
from international conferences and symposia, several rev
articles,5 and several commemorative articles written for t
occasion of the 100th anniversary of Invar’s discovery.6

The two main competing current views are:~i! two-
g-state-like models in which the Invar effect is ascribed
thermal excitation of a low moment state or to thermal s
bilization of the low moment phase, as temperature
increased,7 and ~ii ! the latent-antiferromagnetism-like loca
moment frustration model of Rancourt and Dang,8 in which
Invar behavior occurs due to the combined effect of fr
trated exchange bonds and a large and positive magneto
ume coupling parameter, in a predominantly high mom
alloy having moment magnitudes that are not sensitive
changes in temperature at the temperatures of interest. T
two positions represent two fundamentally different mec
nisms, each of which is proposed to be the main caus
Invar behavior, although both may be occurring simul
neously to some extent. The first type of model requi
modification in order to explain the undeniable observat
that Invar behavior is directly mediated by the alloy’s ferr
magnetism and disappears at the Curie point on increa
the temperature, whereas this observation is a natural co
quence of the local moment frustration model.

One approach in attempting to discriminate these t
PRB 620163-1829/2000/62~2!/978~8!/$15.00
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models is to note that the first does not seem to require
change bond frustration or noncollinear spin structu
whereas the second model seems to require both of t
features. In this context, the recent measurements of Du
ich et al.9 are particularly relevant because Fe65Ni35 samples
are described that have Invar behavior despite being collin
ferromagnets without any deviation from the Slater-Paul
curve. The Slater-Pauling curve in Fe-Ni is a straight-li
relationship between the average saturation magnetic
ment per atom and composition that extends fro
2.8mB /atom for Fe to 0.6mB /atom for Ni and that implies
stable Fe and Ni moment magnitudes and moment collin
ity, in agreement with other measurements where it is fou
to hold.10,11 One is tempted to conclude both that mome
noncollinearity is not required for Invar behavior in Fe65Ni35

and that any model that requires exchange bond frustra
must be incorrect.

Before one draws such conclusions, however, it would
important to understand how the unique samples of Dump
et al. can have such properties that had not previously b
reported in Fe-Ni alloys, where Invar behavior has alwa
been observed to be accompanied by moment noncolline
and deviation from the Slater-Pauling curve. The relev
questions are: What physical mechanism gives these un
samples their unusual behaviors and how did these sam
acquire the physical or chemical characteristics that lead
these behaviors? Dumpichet al. proposed a tentative expla
nation in terms of an ill-defined ‘‘absence of premartens
effects.’’ In the present paper we argue that the latter exp
nation is unlikely and we show that all of the observations
Dumpichet al. can be explained in terms of varying degre
of chemical order, which in turn are consistent with t
sample preparation and treatment methods used. We are
able to make some conclusive statements regarding prop
models for Invar behavior.

We first review the results of Dumpichet al. before sys-
tematically describing how chemical order would affect ea
of the observed properties and why we expect Fe3Ni-type
chemical order to have occurred. We use Monte Carlo~MC!
simulations of chemical ordering, magnetic ordering, a
magnetovolume thermal effects to provide quantitative e
978 ©2000 The American Physical Society
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TABLE I. Comparison of the properties of the as-prepared and annealed films as measured by D
et al. ~Ref. 9!.

Property As-prepared film Annealed film

Average linear thermal expansion coefficient
between 100 and 350 K (a) '2231026 K21 '131026 K21

Lattice parameter~a! 3.58960.005 Å 3.60660.005 Å
Saturation magnetization (m0 /mSlater-Pauling) 1.0 0.84
Curie temperature (TC) 700 K 520 K
Hyperfine field distribution@P(B)# ~Ref. 13!

most probable value (BP) 31.5 T 30 T
average value (Bavg) 31.5 T 27 T
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mates wherever possible and make comparisons betwee
disordered alloys and the known FeNi and FeNi3 ordered
structures.

II. STUDY OF Fe65Ni35 FILMS BY DUMPICH et al.

In a series of articles, Dumpichet al.presented the result
of structural and magnetic measurements performed on t
ultrahigh vacuum evaporated Fe-Ni films grown at RT.9,12–14

In most cases, because the film compositions were clos
the martensitic transition boundary, both face-centered-cu
~fcc! and body-centered cubic~bcc! phases were produced i
each film, making an independent analysis of the fcc pha
properties complicated when not impossible. After refini
their growth method, they succeeded in producing a 200-
thick film with a pure fcc phase at the Invar composition
65 at. % Fe by growing it on top of a 50 at. % Fe fcc film
thereby stabilizing the fcc phase.9 We concentrate on the
films reported in the latter article, since we can clearly as
ciate their behaviors and properties to those of the bulk
Fe65Ni35 alloy.

Dumpichet al.measured the magnetization and the latt
parameter as a function of temperature of an as-prep
film, as well as of the same film, after it had been anneale
900 K. We follow Dumpichet al. in naming the film pro-
duced at RT the ‘‘as-prepared’’ film and the one obtain
after annealing the ‘‘annealed’’ film. Although measur
ments of the annealed film were consistent with meas
ments of bulk Fe65Ni35 Invar, the as-prepared film showe
significant differences. In particular, contrary to bu
Fe65Ni35, its saturation magnetization was consistent w
the Slater-Pauling relation, indicating it was a high mom
collinear ferromagnet. Inspection of its lattice parameter
tween 100 and 350 K revealed it also had a low therm
expansion coefficient, as is found in bulk Fe65Ni35.

These results are of critical importance regarding the
var problem. They suggest that deviation from the Sla
Pauling relation is not required for the Invar effect to occ
This implies that all the theories which rely on a disorder
magnetic moment configuration to explain the Invar effec
Fe-Ni alloys must be wrong. The model of late
antiferromagnetism4 that takes the deviation from the Slate
Pauling curve as its basis is thus, at best, incomplete and
proposed interpretation of the most recent electronic st
ture calculations of van Schlifgaarde, Abrikosov, a
Johansson15 must be flawed. In the latter calculations, t
authors allowed for spin orientation disorder as well as s
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magnitude variation to find the ground-state energy curve
a function of lattice volume. They argued that the disorde
spin structure is necessary to produce the correct en
curve which produces a zero thermal-expansion coeffic
~the Invar effect! at T50 K. The measurements of Dumpic
et al. clearly show that a collinear spin structure can a
produce the Invar effect in Fe65Ni35. Only a model~or inter-
pretation! which is consistent with these observations,
well as the large amount of existing experimental data,
be correct. Such a model should also explain how spin c
linearity can occur in some samples but does not occu
bulk quenched samples of the same composition.

In addition to the saturation magnetization and the pr
ence of an Invar effect, a few additional properties of t
as-prepared and annealed films are worth noting. The la
parameter of the as-prepared film is slightly smaller than t
of the annealed film. The Curie temperature of the
prepared film is substantially higher than that of the annea
film. Finally, even though57Fe Mössbauer measuremen
were not performed on the films from their latest stud
Dumpich et al. had previously measured the Mo¨ssbauer
spectrum of a similar film which contained both fcc and b
phases.12,13 The extracted hyperfine field distribution of th
fcc phase was much narrower than that of bulk Fe65Ni35, and
did not show a large probability density at low hyperfin
field values. A compilation of the observed properties of t
two films is given in Table I.

In an effort to explain these unusual results, Dump
et al. proposed that deviations from the Slater-Pauling cu
and the broad hyperfine field distribution were due to s
canting arising from ill-defined ‘‘premartensitic effects,
which were argued to be absent in the as-prepared fi
Since these results have been published, several elect
structure calculations on Fe-Ni alloys have shown that s
canting and/or antiparallel alignment occurs primarily b
cause of local Fe-rich environments, not because of lat
distortions or strain effects.15–17 The difference between th
two films is thus most likely due to differences in popul
tions of local environments having different Fe concent
tions, which we show are a consequence of chemical or
ing that occurs in the as-prepared film and that is removed
annealing in the annealed film. In the following sections,
show both why chemical ordering of the Fe3Ni type is ex-
pected to occur and, by modeling using MC methods, h
chemical ordering can explain all of the above-mention
properties of the two films.
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III. MONTE CARLO SIMULATIONS OF CHEMICAL
ORDER, MAGNETIC PROPERTIES, AND THE INVAR

EFFECT IN Fe-Ni ALLOYS

In order to show why and how chemical ordering c
explain the differences between the as-prepared and ann
films, we have performed three different MC simulations.
the first, we include combined magnetic and chemical in
actions to determine what type of chemical order is expec
at RT, which is the synthesis temperature of the as-prep
film. In the second, standard magnetic only simulation
performed to evaluate the differences in magnetic beha
between a lattice that is chemically disordered, as found
the annealed film, and one which contains a certain degre
order, as is postulated for the as-prepared film. Finally,
perform isothermal-isobaric MC simulations18 that allow
freedom of both individual atomic positions and magne
moment directions and that use: a Lennard-Jones potenti
describe nearest-neighbor~NN! chemical interactions, an
Ising model for magnetic NN interactions, and the us
magnetovolume coupling in terms of an interatomic dista
dependence of the exchange parameter. The latter simul
includes the possibility of magnetic frustration and allo
one to show how the Invar effect arises from Fe-Fe magn
bond frustration in both the disordered alloy and the che
cally ordered alloy~i.e., in both the as-prepared and annea
films!, in accordance with the local moment frustratio
model of Rancourt and Dang.8

A. Chemical ordering in Fe-Ni alloys

Above 1200 K, all alloys in the Fe-Ni binary system o
cur as solid solutions in the chemically disordered fcc (g)
phase. At RT, one finds that FeNi3 and FeNi can form
chemically ordered structures, but they are rarely observe
quenched samples because atomic diffusion in Fe-Ni al
is too slow at the ordering temperatures of interest. FeN3,
which has a chemical ordering temperature of 790 K,19 can
be synthesized by heat treatment but FeNi, which has b
discovered in meteorites that cooled with exceedingly sm
rates,20 can only be synthesized by particle irradiation b
cause its ordering temperature is 594 K.21 Based on thermo-
dynamic calculations, Fe3Ni should also be structurally mor
stable than its disordered counterpart,g-Fe75Ni25.22 In addi-
tion, Fe3Ni-type ordering is predicted to occur at compo
tions between 62 and 77 at. % Fe at temperatures below
K.22 This type of ordering has not, however, been obser
experimentally for two reasons:~i! at RT, alloys with more
than 70 at. % Fe transform via the martensitic transition
the bcc phase and~ii ! below 500 K, the diffusion of Ni in the
solid is too slow to allow ordering in reasonable times23

Also, it is not found in meteorites because at higher tempe
tures than the top of its stability field, a spinodal decomp
sition presumably occurs that produces an Fe-rich and
Fe-poor phase. An example of this is the Santa Catha
meteorite, which is nearly pure fcc Fe-Ni, with a bulk com
position of 65 at. % Fe, but which has separated into te
taenite ~chemically ordered FeNi! and a low-moment
Fe86Ni14 phase.24

Dumpichet al. grew the as-prepared film at RT, well be
low the predicted ordering temperature of 470 K. In additio
since they used an evaporation method the atoms forming
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film are deposited on the surface with some residual kin
energy. According to surface diffusion measurements on
Ni,25 the surface diffusion coefficient is approximately a
order of magnitude larger than in the solid, which wou
enable the atoms to establish at least local chemical orde
the film grows. Because the film was grown on an underly
substrate of Fe50Ni50, long-range chemical order will no
necessarily occur but chemical ordering at the NN
next-NN level can be expected. Since the magnetic prop
ties of Fe-Ni alloys are expected to be primarily due to N
interactions, they are, in turn, expected to be sensitive
local chemical ordering effects.

In order to characterize chemical order in Fe-Ni allo
and study its effect on magnetism, Dang and Rancourt26 in-
troduced a MC algorithm to model chemical ordering
using NN chemical pair energies as well as an Ising mo
for magnetism with NN interactions. The Hamiltonian is

H52(
^nn&

Ui j 2(
^nn&

Ji j

m im j

4mB
2 , ~1!

where we have usedUNiNi58590 K, UFeNi59200 K, and
UFeFe58400 K. These values, which are those reported
Ref. 26 give the correct cohesive energy for pure Ni, a
reproduce the correct ordering temperatures for FeNi3 and
FeNi. The magnetic exchange parameters used areJNiNi
5700 K, JFeNi5355 K, and JFeFe5220 K, and mNi
50.6mB andmFe52.8mB are the moments which correspon
to the Slater-Pauling relation. These parameters reprod
the correct magnetic ordering temperature~Curie tempera-
ture! and saturation magnetization for Fe-Ni alloys for co
centrations up to 60 at. % Fe.27 Limits of application of local
moment models such as the one expressed in Eq.~1!, due to
local moment magnitude variations with local chemical e
vironment, have been discussed.28

We first ran a simulation for a 4000 atom cell with 6
at. % Fe, periodic boundary conditions, and at the tempe
ture of 300 K, to determine the state of the chemical or
that is expected to occur in the as-prepared film. A spec
equilibrium configuration was saved and used in the M
simulations described below. We refer to the latter config
ration as the ‘‘ordered configuration.’’ In addition, a ra
domly generated chemically disordered configuration is
ferred to as the ‘‘disordered configuration.’’

SinceUFeNi is larger thanUNiNi or UFeFe, Fe-Ni bonding
is preferred, as is evident in the known structures of Fe
and FeNi3. The most notable effect of chemical order shou
therefore be well characterized by the distribution of ato
around a central Fe atom. In particular, Fig. 1 shows
probability of having a certain number of Fe NN’s around
Fe atom in the disordered and ordered configurations.
disordered configuration leads to a binomial distribution w
an average of 7.8 NN Fe atoms (0.65312 NN), whereas the
ordered configuration is characterized by a sharper peak
an average of 6.8 NN Fe atoms. A very important differen
whose implications are discussed in the next section is
there are no Fe atoms in the ordered configuration with n
or more Fe NN’s, as opposed to the disordered configurat
where 35% of the Fe atoms have nine or more Fe NN’s.
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PRB 62 981Fe3Ni-TYPE CHEMICAL ORDER IN Fe65Ni35 FILMS . . .
show that the chemical ordering is of the Fe3Ni type, we also
show a distribution corresponding to Fe3Ni, where 13% of
the Fe atoms have been randomly substituted by Ni to ob
a bulk composition of 65 at. % Fe~Fig. 1!. The similarity of
this distribution with that of the ordered configuration
striking and shows that in the ordered configurati
Fe3Ni-type ordering is dominant. The slight difference b
tween this latter distribution and the distribution from t
ordered configuration suggests that the 13% of Fe at
which are substituted must not simply be randomly sub
tuted, but must also be arranged to maximize the numbe
Fe-Ni bonds. Other tests, such as investigating long ra
order parameters, have also shown the ordering to be o
Fe3Ni type, rather than of the Fe-Ni type.

B. Magnetic properties of chemically ordered and disordered
Fe65Ni35 alloys

After synthesis, the films produced by Dumpichet al.
should behave like bulk materials, with small diffusion rat
at usual temperatures. Because of the slow diffusion,
measurement made below or above the synthesis temper
will not significantly affect the chemical order unless it
performed at sufficiently high temperature and for a su
ciently long time. Their annealing process has transform
the as-prepared film into a disordered bulklike material p
sumably because the annealing time was long enough. M
netic measurements made on the sample do not require m
time, so we expect the measurements to be characterist
the chemical order at the time of the synthesis, as is the
with FeNi29 and FeNi3.19,30In order to simulate the magneti
properties, we therefore used a specific chemical config
tion and allowed freedom of the magnetic moments only

FIG. 1. Probability distributions of finding a certain number
Fe NN atoms around an Fe atom for various configurations:~filled
squares! the ordered configuration described in the text,~filled dia-
monds! the disordered configuration, and~open squares! an Fe3Ni
lattice where 13% of the Fe atoms have been randomly substit
by Ni atoms.
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such a case, the Hamiltonian is reduced to a standard I
Hamiltonian with NN interactions:

H52(
^nn&

Ji j

m im j

4mB
2 , ~2!

where the parameters are the same as in the previous se
A standard metropolis algorithm is used to obtain therm
averages of the magnetization. Figure 2 illustrates the res
ing ratio between the average magnetic moment and the s
ration magnetic moment expected from the Slater-Pau
relation, as a function of temperature for both the orde
configuration and the disordered configuration, with the
sults of Dumpichet al. in the inset. We note the two mai
features which are the same as those found in the as-prep
and annealed film measurements: The Curie temperature
the saturation magnetization of the ordered configuration
larger than in the disordered configuration.

The increased Curie temperature is consistent with
behavior observed in other Fe-Ni ordered phases relativ
their disordered counterparts, even though the chemical
dering temperature is lower than the magnetic ordering te
perature. At 25 at. % Fe, the Curie temperature of orde
FeNi3 is 95465 K, whereas in the disordered Fe25Ni75 alloy
it is 87161 K.19 In FeNi, the same effect can be observed
a meteoritic sample. The sample contains a chemically
dered phase and a disordered~or partially disordered! phase
of the same composition, close to 50 at. % Fe. Based
Mössbauer measurements below 750 K, the ordering t
peratures of the ordered and disordered alloys are
610 K and 710620 K.29 These results are also expect
based on the Ising model parameters we use since the F
magnetic bond energy (uEFeNi

M u5uJFeNimFemNi /4mB
2 u5150

ed

FIG. 2. Average magnetic moment relative to the saturat
magnetic moment derived from the Slater-Pauling curve:~filled
squares! ordered configuration,~open squares! disordered configu-
ration. Inset: The measured magnetizations of the as-prepared~open
circles! and annealed~filled circles! films ~Ref. 9!.
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982 PRB 62K. LAGAREC AND D. G. RANCOURT
K! is also larger than the magnetic bond energies for Fe
(uEFeFe

M u539 K! and Ni-Ni (uENiNi
M u563 K!.

There is also a simple explanation for the difference in
saturation magnetizations of the as-prepared and anne
films. In agreement with the latent antiferromagnetism mo
of Invar magnetism4 and the local moment frustration mod
of Rancourt and Dang,8 recent electronic structure calcula
tions on Fe64.8Ni35.2,17 Fe65.6Ni34.4,15 and Fe75Ni25 ~Ref. 16!
have shown that Fe atoms in an Fe-rich local environm
tend to align opposite to the bulk magnetization. This is d
to a negative exchange couplingJFeFebetween Fe moment
and positive exchange couplingsJFeNi andJNiNi , between Fe
and Ni moments and between Ni moments, respectively.
Fe-Ni and Ni-Ni exchange bonds cause most moments to
aligned ferromagnetically but, when an Fe moment is s
rounded by many Fe moments polarized in a given direct
it will align opposite to the magnetization direction. Yan
Wanget al.17 have, for example, calculated that when the
are ten or more Fe NN’s, a central Fe moment will ali
antiferromagnetically to the bulk magnetization directio
Within the Ising model and with the exchange paramet
that we are using, an Fe moment surrounded by mom
which are aligned in a given direction will align opposite
that direction when there are ten or more Fe NN’s. It alig
ferromagnetically for nine or fewer Fe NN’s. Recall now th
distributions illustrated in Fig. 1. In the disordered config
ration, 15% of the Fe atoms are surrounded by ten or m
Fe atoms, and most of these~8.5% of all Fe moments atT
50 K) will align opposite to the magnetization directio
resulting in a reduced saturation magnetization. In the
dered configuration, there are no Fe atoms with more t
eight Fe NN’s, resulting in all Fe moments aligning in th
magnetization direction. The ordered configuration produ
a collinear ferromagnetic structure with a saturation mag
tization consistent with the Slater-Pauling curve. Wher
the simple model described above does not account for s
spin canting or minor moment magnitude variation whi
will be different in the ordered and disordered configuratio
and whereas these features may cause differences bet
the saturation magnetizations of as-prepared and anne
films, it is clear that the principal difference comes fro
antiparallel alignment due to a combination of an antifer
magnetic exchange parameterJFeFe and dramatically differ-
ent distributions of local chemical environments. Indeed,
cent electronic structure calculations28 show that~i! near-
Invar composition alloys are high moment alloys, and~ii !
moment magnitude variations in going fromfully chemically
ordered high moment states to chemically disordered h
moment states are less than 5%. The differences illustrate
Fig. 2, betweenpartially ordered and chemically random
states, are;20%.

Also related to the magnetism of the films are the e
tracted hyperfine field distributions from57Fe Mössbauer
spectra. In the ordered configuration, since a collinear fe
magnetic structure occurs, only local chemical environme
will yield different hyperfine field values. Since the distrib
tion of local environments around the Fe probe atom is n
row, the hyperfine field distribution is also expected to
narrow. In the disordered configuration, the distribution
local environments is intrinsically broader, resulting in
broad distribution with a significant tail at low field value
e

e
led
l

nt
e

e
be
r-
n,

.
s
ts

s

-
re

r-
n

s
-
s
ht

s
een
led

-

-

h
in

-

-
ts

r-
e
f

due to antiparallel spin alignments as well as spin canti
These are natural consequences of the transferred compo
of the hyperfine field in Fe-Ni.11,27,31The situation has also
been examined by electronic structure calculations.32

Finally, before discussing the Invar effect, it is als
worthwhile mentioning the difference between the lattice p
rameters of the as-prepared and annealed films and
these relate to chemical ordering. As observed by Rober
et al.,33 in Fe-Ni alloys, the Fe-Ni NN distance is alway
smaller than Fe-Fe and Ni-Ni NN bond distances. Sin
chemical ordering favors Fe-Ni bonds, we expect chemica
ordered structures to have smaller lattice parameters
their disordered counterparts, as is observed in the films a
lyzed by Dumpichet al. as well as in FeNi and FeNi3.
Chemically ordered FeNi has a slight tetragonal distorti
but its average RT lattice parameter is 3.580460.0005 Å ,
as opposed to 3.586360.0003 Å for the disordered
alloy.34,35 The RT lattice parameter of FeNi3 is also slightly
smaller than that of Fe25Ni75: 3.552260.0007 Å versus
3.554460.0002 Å .19 The slight change in lattice paramet
between the as-prepared and annealed films can thus b
plained through the existence of chemical order.

C. Invar effect in chemically ordered and disordered Fe65Ni35

alloys

Having established that chemical ordering effects c
cause the measured differences between the as-prepare
annealed films, we must also explain why both types of fil
exhibit an Invar effect. A model which is consistent with th
measured properties of both films, as well as all other exp
mental observations in Fe-Ni alloys, is the local mome
frustration model proposed by Rancourt and Dang.8 It is
based on aJFeFe that is negative and on a]JFeFe/]r that is
large and positive. Both of the latter conditions and the c
rect magnitudes predicted by Rancourt and Dang have b
corroborated by electronic structure calclulations of f
iron.36 Though applied specifically to explain the Invar effe
in the disordered Fe65Ni35 alloy, we next show that the loca
moment frustration model also predicts an Invar effect in
ordered alloy.

Within a mainly collinear and ferromagnetic matrix of N
and Fe spins, most Fe-Fe magnetic bonds are frustra
since the spins are in a ferromagnetic configuration wh
JFeFe,0. The positive frustration energyU f which results
from the magnetic interaction is directly proportional to t
difference between the numberNs of satisfied bonds and th
number Nf of unsatisfied, or frustrated, bonds and to t
magnetic exchange coefficientJFeFeas

U f52
mFe

2

4mB
2 ~Nf2Ns!JFeFe. ~3!

Assuming that]JFeNi/]r and]JNiNi /]r are negligible com-
pared to]JFeFe/]r , the variation of frustration energy with
the lattice parameter is

]U f

]r
52

mFe
2

4mB
2 ~Nf2Ns!

]JFeFe

]r
, ~4!

which is negative when Fe-Fe bonds are mostly frustra
(Nf2Ns.0) and]JFeFe/]r is positive. An increase in the
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lattice parameter will thus reduce the frustration energy
the expense of an increase in the chemical bonding ene
The equilibrium lattice position is thus higher than the eq
librium lattice parameter in the absence (]JFeFe/]r 50) of a
magnetovolume coupling. If]JFeFe/]r is large enough, this
expansion can be comparable to expected thermal lattice
pansion. Since this expansion is related to the numbe
frustrated Fe-Fe bonds, it is directly related to the magn
zation of the sample, and disappears at and above the C
temperature whereNs5Nf . When compounded with the
normal thermal expansion of the lattice, the gradual decre
with temperature of the frustration induced expansion cau
a flattening of the thermal expansion curve. At 65 at. %
the flattening is such that the net result is the anomalou
low thermal expansion known as the Invar effect.

We have mentioned above that in the disordered confi
ration, not all Fe moments align in the direction of the bu
magnetization. In this configuration, (Nf2Ns)/(Nf1Ns)
.0.6. In the ordered configuration, all Fe moments
aligned in the same direction and (Nf2Ns)/(Nf1Ns)51.0.
However, the total number of Fe-Fe bonds depends on
populations of local chemical environments, which are ch
acterized by the Fe NN distributions shown in Fig. 1, su
that in the disordered configuration, there are more Fe
bonds than in the ordered configuration. The Invar expans
due to frustration is thus expected to be of similar magnitu
in both films and its temperature dependence is expecte
cause a similar Invar effect in both the disordered and
dered configurations.

In order to better illustrate and quantify these points,
have performed constant temperature and zero pressure
simulations18 of Fe65Ni35 using an Ising model to describ
the magnetism and three Lennard-Jones potentials to
scribe NN-only chemical interactions of Fe-Fe, Fe-Ni, a
Ni-Ni pairs. The Lennard-Jones potentials were taken
have minima consistent with the cohesive energies use
the MC simulation of chemical order described above, a
NN minimal energy distances corresponding to a Vegar
law-type behavior and consistent with experimental val
(dFeFe52.567 Å , dFeNi52.526 Å , anddNiNi52.485 Å ).
When applied to pure fcc Ni and using the same phys
parameters, our isothermal-isobaric MC simulation gives
same cell volume versus temperature curve as does the
bined molecular dynamics and MC method of Grossma
and Rancourt.38 The details are given elsewhere~unpub-
lished! and Fig. 3 shows the resulting simulated thermal
pansion curves for the ordered and disordered configurat
with and without a magnetovolume coupling,]JFeFe/]r ,
along with the measured fractional volume expans
(DV/V) in bulk Fe64.5Ni35.5 Invar.37 Even though the mag
netism of the Fe65Ni35 alloy is not exactly reproduced usin
an Ising model, this figure shows qualitatively how the Inv
effect occurs in both the ordered and disordered config
tions. The systematic difference between the values in
]JFeFe/]rÞ0 paramagnetic state and the values at the s
temperatures for the]JFeFe/]r 50 case are real and are u
derstood in terms of the combined effects of a nonquadr
interatomic potential and a nonzero magnetovolu
coupling.38
t
y.
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IV. CONCLUSION

We have shown that the remarkable observations
Dumpich et al.,9 who found as-prepared Invar compositio
(Fe65Ni35) thick films ~200 nm! to exhibit Invar behavior
~i.e., near-zero thermal expansion in a broad tempera
range near RT! despite being collinear ferromagnets havi
saturation magnetizations that do not deviate from the Sla
Pauling curve, are explained by the presence of Fe3Ni-type
chemical order rather than by an ‘‘absence of premartens
effects’’ as they originally proposed. By a careful examin
tion of available data and by use of MC simulations of t
physical properties associated with chemical ordering, m
netic ordering, and thermal expansion with magnetovolu
coupling, we have shown that all of the observations
Dumpichet al., for both as-prepared and annealed films~that
recover bulk quenched Invar alloy behavior!, are consistent
with the effects of varying degrees of chemical order, wh
in turn are consistent with the sample preparation and tr
ment methods used.

This interpretation of the experimental observations
Dumpichet al. allows one to derive the full implications o
their results. Contrary to the superficial conclusion that sin
exchange frustration causes moment noncollinearity
causes deviation from the Slater-Pauling curve and si
such deviation is not required for Invar behavior then e
change frustration is not required for Invar behavior
Fe65Ni35, we find that exchange bond frustration persists
the collinear ferromagnetic state that is stabilized by che
cal order and that it is a required feature for Invar behavio
occur in both chemically ordered and disordered Fe65Ni35

FIG. 3. Thermal average of the atomic volume as obtained
isothermal-isobaric (P50) MC simulations illustrating the effect o
a large magnetovolume coupling parameter]JFeFe/]r . The solid
and dotted curves correspond to the disordered configuration
]JFeFe/]r 51275 K/Å and]JFeFe/]r 50 K/Å , respectively. The
dashed and dash-dotted curves correspond to the ordered con
ration with ]JFeFe/]r 51275 K/Å and ]JFeFe/]r 50 K/Å , re-
spectively. The Curie temperatures (TC

o and TC
d ) of the two lattice

configurations are indicated. Inset: Measured fractional volume
pansion (DV/V) in Fe64.5Ni35.5 Invar ~Ref. 37!.
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because it effectively changes the sign of the magneto
ume effect that arises from the large and positive magn
volume coupling parameter (]JFeFe/]r ) that is predicted by
ab initio calculations,36 in accordance with the local momen
frustration model of Rancourt and Dang.8 In other words,
one must distinguish moment noncollinearity, which is o
possible consequence of exchange bond frustration, from
change bond frustration itself, which is the presence of
change bonds that are not energetically satisfied. We are
able to make conclusive statements regarding several c
peting models for Invar behavior:~i! all models that rely on
chemical or magnetic clusters or inhomogeneities must
ruled out since the as-prepared and annealed films
Fe65Ni35 are understood to have significantly different dist
butions of local chemical environments whereas they h
similar Invar behaviors,~ii ! the once predominant weak itin
erant ferromagnetism model of Wohlfarth3 must be ruled out
because the as-prepared film of Fe65Ni35 is clearly a strong
ferromagnet, with no deviation from the Slater-Pauli
curve, and~iii ! recent attempts to explain Invar behavi
from T50 K electronic structure calculations that argue th
moment noncollinearity is essential in order to give the c
rect energy versus lattice parameter curve which in t
gives rise to the anomalously small thermal expansion15 must
also be seen to be incorrect.

Overall, we are able to explain all the observations c
cerning both chemically ordered and disordered Fe65Ni35
within the framework of the local moment frustration mod
of Rancourt and Dang.8 This lends further support to th
latter model, that was originally developed for quenched a
chemically disordered Fe-Ni alloys, and to the view th
M
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Fe65Ni35 Invar is predominantly a high moment material
which the moment magnitude is closer to a high mom
value than to a low moment value and is not significan
affected by changing temperatures, at the relevant temp
tures of the Invar effect. This view is in opposition to a
models that appeal to thermal excitation of a low mom
state or to thermal stabilization of the low moment phase
temperature is increased. The latter types of models ca
shown to be incorrect for the case of Fe65Ni35 Invar.39

Finally, we note that this represents the most convinc
evidence to date of Fe3Ni-type chemical order in the Fe-N
alloy system. Although theoretical calculations that assum
high moment electronic structure have predicted that Fe3Ni
should occur with an ordering temperature lower but com
rable to that of FeNi3,26 it has not been previously observe
for several reasons:~i! it has proved difficult to stabilize fcc
Fe75Ni25 because of the martensitic transition to the b
structure,~ii ! at 75 at. % Fe, the low moment phase is mo
stable than the high moment phase, as predicted byab initio
calculations,40 and~iii ! its low value of the ordering tempera
ture would presumably make it difficult to produce by ord
nary thermal treatment methods, especially given the s
odal decomposition that is also believed to occur at ne
Invar compositions.23,41 Its existence in the as-prepare
Fe65Ni35 film may constitute further evidence that Invar
predominantly a high moment material: It is possible that
greater density of conduction electrons in the low mom
phase is associated with bonding energies that do not
rise to a strong preference for Fe-Ni bonds, as observe
the high moment fcc alloys.
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